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Abstract

The research presented in this thesis focuses on the micro- and macro-mechanical
properties of acrospace composite structures, and their buckling, free vibration, and
flutter behaviour. The first part of the thesis concentrates on fundamental
experimental research into prediction and enrichment of polymers composites with
nanoparticles with particular emphasis on polyurethane and polyaniline. To this end, a
conducting thermoplastic elastomer 1is developed and characterised using
physiochemical methods for thermo-mechanical properties. Consequently, a
sophisticated new polyurethane nanocomposite elastomer with improved mechanical
and thermal properties is developed.

The second part of the thesis is a development of an accurate dynamic stiffness
matrix for a three-layered sandwich beam of asymmetric cross-section using the
Timoshenko beam theory, Hamiltonian mechanics and symbolic computation. The
resulting dynamic stiffness matrix is used to investigate the free vibration
characteristics of a number of sandwich beams examples and their results are
validated by experiment. Next, a detailed analysis is carried out to establish the
rigidity properties (stiffnesses) of fibre reinforced composite structures with particular
emphasis on solid rectangular and thin-walled box section. The effect of ply
orientation on rigidity properties and the consequent coupling between various modes
of deformation is studied. Buckling analysis is carried out to provide an estimate of
the stiffnesses. Free vibration investigations on flat and box carbon fibre-reinforced
composite beams are then carried out to gain important insights into the material-
geometrical coupling effects, and modal interchange in bending-torsion coupled
behaviour. Although the dynamic stiffness method is primarily used in the analyses,
some complementary finite element analysis and experimental modal analysis using
an Impulse Hammer Kit were performed to confirm the predictable accuracy of the
dynamic stiffness method. A few carefully designed composite beams were
fabricated for the experimental work. Flutter behaviour of swept and unswept wing is
also investigated. The results are discussed with significant conclusions drawn. A

scope for further work is outlined.
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1 General Introduction

1.1 Introduction

Composites are multiphase materials obtained by combination of different materials, so as
to attain properties that the individual components by themselves cannot attain. Such
materials can be tailored to give high strength coupled with relatively low weight, high
corrosion resistance to chemicals and offer long-term durability under severe environmental
conditions. In this respect, macro-nanophase polymer materials are fundamental to a number
of modem technological applications, including aerospace, automobiles, polymer blends or
alloys, biomaterials for drug delivery systems, electro-optic and luminescent devices,
coatings, powder impregnation of inorganic fibres in composites, and are also critical in
polymer-supported heterogeneous catalysis [1.1-1.3].

Laminated composites are widely used in high performance aerospace applications. This
owes to weight saving advantages but also due to aeroelastic benefits. However, it should be
recognised that the weight savings advantage has been challenged by metals such as
aluminium due to recent developments in metal technology. Importantly, composite research
has shown that a careful choice of lay-up and design variables leads to a desirable bending,
torsional and coupling rigidities, with the provision of an efficient approach when achieving a
maximum flutter and/or divergency speed with a minimum mass of a composite wing. The
research described in this thesis explores qualitatively the feasibility of further enhancements
in material properties for high performance aerospace applications. Special emphasis is
placed on aerospace structural applications in airframes.

Primarily, aerospace laminated composites are manufactured using carbon fibre reinforced
with high performance epoxy resins. However, the widespread use ofthe epoxy-thermosets is
limited in many high-performance applications because of their inherent brittleness,
delamination, fracture toughness and temperature limitations. The development of improved
high performance composites based on epoxy-thermosets can only be achieved by
simultaneously improving resin, fibre and interface properties. A judicious approach to
enhance these properties involves development of sandwich composite structures that
incorporate elastomeric and thermoplastic phases into the matrix, which results in a

multiphase polymeric system.
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1.2 Study problem and key objectives

It is well recognised that the application of advanced composite materials can have
profound influence in the design aerospace structures. Since composite materials are
multiphase materials that are tailored for specific applications, their static characteristics vary
considerably as well as their dynamic ones and the end results is either beneficial or
detrimental. In particular, civil and military airplane wings are designed to carry heavy loads
along their span. Depending on their magnitude and location, drastic changes in natural
eigenfrequencies and eigenmodes are experienced. These changes can be beneficial but can
also result in a deterioration of the dynamic response to time-dependent excitations and thus
precipitate in the occurrence of flutter or divergency instability.

The thesis has been aimed towards a better understanding of micro- and macro-mechanical
properties of aerospace composite structures of their dynamic behaviours and exploitation of
their characteristics for aeroelastic benefits. The investigation is interdisciplinary in nature
lying broadly with field of material science and aerostructures and combining different but
related subjects. A significant path of the work is directed towards the investigation of
aircraft composite wings using the numerical methods and validation ofresults by experiment

and computational approaches.

The key objectives ofthis thesis are:

> to fabricate thermoplastic rubber-like (elastomer) materials from (i) polyurethane
polymer and (ii) polyanilne polymer

> to develop conducting thermoplastic elastomers - blending of polyurethane and
polyaniline polymers to produce an electricity conducting rubber (elastomer)

> to reinforce polyurethane thermoplastic elastomers with nanoparticles (organic
clay, montmorillonite)

> to develop a refined sandwich beam theory for three-layered composite beams and
validate it by experiment and finite element analysis

> to predict the rigidity properties of flat and box composite beams using classical
lamination theory

> to investigate the vibration properties of flat and box composite by studying in
particular the beam effects of ply orientation, the use of Timoshenko theory on

natural frequencies and mode shapes changes in bending-torsion coupling
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> to carry out critical buckling analysis of composite columns
> to investigate the aeroelastic behaviour of composite wings by studying the effect of

ply orientation on flutter and divergency speeds

1.3 Motivation

The main motivation behind the research performed is the urge to develop intelligent
multifunctional thermoplastic and/or other composite structures that could be employed in
aerospace design. Such structures would have enhanced damping, toughness and elastic
behaviour and more opportunity to assist in aeroelastic active control system design leading
to the alleviation of aeroelastic flutter, reduction of gust loading, increased fatigue life of
structural components, diminished cabin noise and improved manoeuvrability and handling
thus expanding the aerospace design limits. A multifunctional structure may involve
conducting polymers since they have potential for aerospace applications in antistatic
coatings, sensors, actuators, multifunctional conducting films etc with improved stability.
Appreciably, such a structure can also be a vehicle health system even with the possibilities
of self-healing system functionality. The research performed has also established that such a
multifunctional intelligent structure can also serve as energy storage as well as a delivery
system simultaneously such as lubrication and fuel cells thus adding to its advantages.
Altering the damping in structural systems also hold the potential for improving the tracking
and pointing characteristics and therefore the accuracy of weapon systems mounted on
aircraft and land systems.

On the other hand, convectional carbon fibre reinforced plastic (CFRP) composites are
prone to moisture absorption and the composite structures generally get heavier in wet
conditions. Studies on nanocomposites on polyurethane nanocomposites for example, have
shown good mechanical, thermal and water resistant properties that could be used in coatings,
adhesives, foams, etc for aerospace uses. The fact that the composite structures have
undergone major developments in terms of fabrication and manufacture, it means that the
structural analysis and vibration control is a key issue in their applicability in various
industries, especially when the electronic equipment are integrated within structures.

Recent advances in convectional processing techniques aiming at high modulus polymers

and advanced reactive processing techniques such as resin transfer moulding, reactive
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extrusion, and reaction injection moulding have been deployed with success. This means that
skin-like structures can now be produced by use of automatic lay up machines and automatic
cutting machines enabling much more complex structures to be produced economically.
Furthermore, progress in current research on reinforced polymer nano-composites (PNC)
suggest that optimum levels of nanomaterials loading, e.g. in high temperatures reinforced
polymers are in the range of 10-20% by weight. As can be seen in Table 1.1, the reinforced
PNC are predicted to possess 20% of the theoretical properties of nanomaterials, although
processing methods are still in their very early stages. Molecular level control of
nanomaterials distribution and interaction with the matrix material is extremely demanding so
as to obtain optimal properties and performance. There is also need to develop an affordable
and reproducible method to make large quantities of nanomaterials with controlled size,
geometry, chirality and purity [1.3]. Shall these difficulties be overcome; the reinforced
polymer nano-composites stand a good chance particularly in the aerospace advanced

structural and propulsion structural systems [1.4-1.12].

Table 1.1  Carbon fibre reinforced composites in comparison with other materials (Specific Modulus

refers to specific strength which is equals to Young's modulus divided by density)

Tensile Tensile Elong- Density Specific Specific Thermal Use

strength modulus ation (g/cm3) strength Modulus Conductivity Temp.

(GPa) (GPa) (%) (W/mK) (°C)
Aluminium 2219-T87 [1.10, 1.11] 0.46 73 10 2.83 0.16 26 121 150
Inconel 718 [1.11] 1.03 190 14 8.2 0.13 23 15 650
Carbon fibre IM7 [1.5] 5.6 300 1.8 1.77 3.0 170 50 -
SWNT single crystal [1.6, 1.7] 180 1200 6 1.2 170 1000 <5000 ~1200
CFRP Q-1 M463/7714A [1.8, 1.9] 0.7 86 -15 1.64 0.42 52 5 120
CFRP Q-I IM7/8552 [1.9, 1.10] 1.3 58 1.0 1.59 0.80 36 5 120
PNC Q-I composite [1.12] 2.5 240 1.59 0.98 2.5 240 5 120

1.4 Approaches

In order to meet the above objectives, the following subjects were studied and the

knowledge obtained was applied in this work:

> polymer thermoplastics elastomers and nanocomposites
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> thermal degradation ofpolymeric materials

> aircraft structures including adaptive structures
> Composite materials

> structural dynamics

> aeroelasticity

The layout of the thesis is influenced by the following systematic approach: a thorough
literature survey; fabrication and characterization of a series of thermoplastic polymeric
nanohybrid elastomers; comprehensive study of simple aircraft wing models; dynamic
stiffness approach; modal analysis and experiments; and finite element approach. A high
aspect ratio aircraft wing can be modelled as a beam and therefore the words ‘wing’ and

‘beam’ are used interchangeably throughout the thesis.

1.5 Thesis structure

Chapter 1 attempts to familiarise the reader with the thesis by giving relevant background
information in objectives, approaches, motivation and the thesis structure. Key emphasis is
on structural properties of polymer composites and in particular the relationship between the
nano-micro-macrostructural properties, which is the one of main concerns of this work. The
study problems, motivation and approaches are discussed. Typical applications relevant to the
study are presented to emphasize the importance of current work in aerospace industry.
Chapter 2 is a comprehensive literature review concerned with the current work. Polymer
nanocomposites, theoretical and computational composite modelling, free vibration analysis,
tailoring of composite beams, flutter investigations, aerothemoelastic behaviours, buckling
problem determination, adaptive composite structures and flutter analyses of actively
controlled composite structures are covered and commented on.

Chapter 3 is concerned with synthesis of polyurethane and polyaniline thermoplastic
elastomers. It has been found that the intrinsic properties of the components of the blends are
different from primary polymers. Sometimes, the properties are enhanced but for the most
part, they were diminished. The key characteristics for polyurethane (PU) and polyaniline
(PANI) are investigated independently. Chapter 4 aims at combining the beneficial properties

of the two polymers (PU and PANI) i.e. tensile strength, thermal properties and
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compatibility. PU/PANI conducting thermoplastic elastomers with good mechanical
properties and processability (associated with high conductivity or electrochromism) were
prepared, characterised and experimented on. In Chapter 5, polyurethane/organically
modified montmorillonite (MMT) nanocomposites (PU/unmodified MMT and
PU/organically modified MMT (OMMT)) were prepared and experimented. In particular,
thermal properties of PU/MMT and PU/OMMT nanocomposites with intercalated structure,
as evidenced by scanning electron microscope (SEM) data, prepared by prepolymer method,
were studied. This work paves the way for further investigations to exploit the unique
properties for technological considerations. The key interest in the current work is the
potential of the prepared thermoplastics applications as the core materials in sandwich
composites. The computational and experimental investigations reported herein verify these
beneficial issues without undermining the outlined compatibility difficulties mentioned
herein.

Chapter 6 reports on the free vibration of a three-layered sandwich beam. To start with,
theoretical work of Banerjee [1.13, 1.14] is extended and an advanced dynamic stiffness
theory for a three-layered sandwich beam is developed in order to investigate its free
vibration characteristics. This is followed by experimental measurement of the free vibration
characteristics, (natural frequencies and mode shapes), of sandwich beams by using an
impulse hammers kit and associated computer software. In order to achieve this, a number of
specimens of three-layered sandwich beams are manufactured using rubber as the core and
aluminium as the face materials. By replacing aluminium by steel as face material, a few
additional specimens are also made.

The macromechanical properties of composites form the background ofthe aeroelasticity of
the composite wing. In particular, the rigidities (static) and other properties need to be known
in advance as they are used as the basic design data. Chapter 7 is therefore committed to the
determination ofthree important parameters, related to the flexural rigidity (E/), the torsional
rigidity (GJ) and the material bending-torsion coupling rigidity (K). Parametric studies for
flat and box beam models are carried out to study the effect of ply/fibre orientation onto these
rigidities. For good estimate of stiffnesses, Chapter 8 looks into the buckling phenomenon
and the results are corroborated with finite element analysis (FEA) using a commercially

available software ANSYS for both metallic and epoxy carbon-fibre-reinforced composites
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beams. The application of the dynamic stiffness matrix is demonstrated by numerical results
for cantilever composite and metallic beams.

The effect of ply orientation on free vibration behaviour of laminated composite beams is
investigated using an exact analytical method in Chapter 9 including the Timoshenko theory
effects and those of bending-torsional couplings. Results are obtained for two different types
of carbon-epoxy composite beams of which one is flat with solid rectangular cross-section
whereas the other is a thin-walled box beam. The ply angles in the stacking sequence ofthese
beams are varied and their subsequent effects on the free vibration characteristics are studied.
Experimental modal analysis and finite element analysis are conducted to validate the
theoretical results.

In Chapter 10, the effect of ply orientation on flutter speeds is carried out. The chapter
intends to address the flutter phenomenon highlighting the associated issues, and to seek
further insights on flutter speed characteristics of composite wings. A uniform flat and box-
beam wing model are investigated to further understand the flutter behaviour of composite
wings. The ply angles are varied against sweep angles to study the effects of ply orientation
on flutter speed as applicable to convectional sweptback aircraft wings. The importance of
aeroelastic coupling is particularly emphasised. The work summary and scope for further

work are outlined in Chapter 11 followed by a personal profile and appendices.



2 Literature Review

2.1 Introduction

Today aircraft designers do have a considerable flexibility in design where a lighter wing with
considerable strength is possible, due to the advent of advanced composite materials. In addition
to the weight and strength advantage to conventional metals such as steel and aluminium,
composite materials have directional properties that can be manipulated to achieve desirable
aeroelastic and other effects on an aircraft wing. Free vibration and aeroelastic tailoring of
composite beams or wings are just but some of the main beneficiaries from the success of
composite modelling. It is with such understanding that the extensive study of composites’
properties and behaviour characteristics have been attributed to. To start with, it is necessary to
conduct a literature review in order to be up-to-date with the current research, particularly on
works on aeroelasticity ofthe composite wings.

Researchers have been able to include various static and dynamic loads including the
transverse shear loads found on composite beam that have been on some occasions a drawback
in aerospace industrial use of composites. The research has gone a step further to the vital
consideration of the wash-in and wash-out effects that can be advantageous from an
aeroelastician point of view. Development of computer programs able to handle the large
matrices involved in the analysis has speeded up the research on composites as reflected by the
amount of work dedicated to composites in the last few decades. Both analytical approach and
finite element approach have been covered in the relevant areas of interest in this study. The
analytical approach solutions are exact although there are approximations, and their validations
are destined to the work of experimental researchers. Conversely, the finite element method
provides a comparative but useful measure to the analytical approach. Both approaches continue
to develop and this has given confidence to the aircraft designers as they are able to predict the
characteristics of composite structures.

The development of nanostructured materials on the other hand opens a new paradigm where
composite matrix resins can be tailored to optimise properties of interest just as fibre orientation

is used to optimize current advanced composites. The biggest challenge facing nanocomposites
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is the assessment of the extent and efficiency of stress transfer through the interface between
nanomaterials and polymers. Such knowledge could in turn be used for the determination and
utilisation of Young’s modulus and strength of polymer-nanocomposites and by taking full
advantage of'the results. Polymer nanocomposites (PNC) have received much attention over the
past decade as scientists search for ways to enhance the properties of engineering polymers while
retaining their processing ease. Unlike traditionally filled polymer systems, nanocomposites
require relatively low dispersant loadings to achieve significant property enhancements, which
make them a key candidate for aerospace applications. Some of these enhancements include
increased modulus, improved gas barrier properties and atomic oxygen resistance, and better
thermal and ablative performance.

Although this literature review concentrates mainly on composite beam modelling free
vibration, and aeroelastic tailoring of composite beams, work has also been directed to other
aspects of composite beams. Among them is on the active control (artificial intelligence) of the
composite wings, which is a break through in the utilisation of composite structures. Others
include delamination, development of new materials, wind tunnel model testing, computer
modelling, advanced analysis and air-crashworthiness, just to mention but a few. In this work,
the flutter characteristics have been addressed and associated effects have been commented on.
All in all, the potential of composites is reflected by the capability to idealise the structures. The

phenomenon is overwhelmingly and warmly welcomed by the aerospace industry.

2.2 Polymer nanocomposites (PNC)

Polymer nanocomposites may provide significantly increased modulus, gas barrier, thermal
performance, atomic oxygen resistance, resistance to small molecule permeation and improved
ablative performance when compared to typical traditional carbon-fibre-reinforced polymeric
composites. This presentation gives a review of both theoretical and experimental investigations
extracting valuable fundamental information including field emission, thermal stability, and
electrical, optical and mechanical properties of polymer nanocomposites for aerospace

applicability.
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2.2.1 Modellingfor properties

In order to facilitate the development of PNC, constitutive relationships must be developed to
predict the mechanical properties of the composite as a function of molecular structure of the
polymer, the nanomaterials, and the polymer/nanomaterials interface. Different models have
been proposed to describe the relation between the orientation distribution of the basal planes
and the elastic properties of carbon nanofibres: the unwrinkling model [2.1-2.3], the uniform
strain model and the uniform stress model [2.1, 2.4], In addition, several models (Cox [2.5],
Kelly and Tyson [2.6], Lewis and Nielsen model [2.7] etc.) have been proposed and employed to
investigate matrix-fibre transfer. It must be recognised that stiffness and strength can be
increased at the expense of toughness and vice versa, demanding a balance line to be struck at
early stages ofthe composite development and/or design.

Considerable attention has been given to measuring and modelling the principal Young’s
modulus of carbon nanotubes (CNT) [2.8-2.10], Some of these studies assume a nanotube shell,
but others on enclosed nanotube volume. These different geometry definitions have led to
reported values differing by almost two orders of magnitude [2.8, 2.9]. For example, an
experiment determining the Young’s modulus of the single-walled nanotube (SWNT) from
vibrational analysis, assumed in the data analysis a nanotube shell 0of 0.34 nm thickness resulting
in a Young’s modulus of 1.25 TPa for SWNT of 1.0-1.5 nm in diameter [2.11], AFM deflection
experiments, which included the entire cross-section ofthe nanotube in the analysis, measured a
Young’s modulus of 1.31 TPa for an array 3 nm in diameter with the modulus dropping to 67
GPa for an array 20 nm in diameter [2.12], The average diameter of individual SWNT in this
study was 1.4 nm. The geometrical dependence of the nanotube modulus has been confirmed
with theoretical calculations. Non-orthogonal tight-binding calculations based on a nanotube
shell at a thickness 0f 0.34 nm, but parameterized for any shell thickness, yield 1.22-1.26 TPa for
SWNT of 0.8-2.0 nm in diameter [2.9]. When the entire nanotube cross-section is included,
molecular dynamics simulations of nanotubes in compression that utilize the Tersoff-Brenner
potential for the C-C bonds, yield a Young’s modulus of 1.5 TPa at SWNT diameter of ~0.5 nm
which reduces to 0.2 TPa at a SWNT diameter of4.0 nm.

First principle total-energy (electronic structure) calculations for CNT and fullerenes using the

density functional theory [2.13, 2.14] showed that hetero-nanotubes and hetero-sheets consisting
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of boron and nitrogen in addition to carbon are nanoscale ferromagnets [2.15]. The norm-
conserving pseudopotentials [2.16] are used to simulate nuclei and core electrons [2.17, 2.18],
Based on the quantitative values, the authors predict that the carbon fullerene is a new
multicarrier one-dimensional metal being robust against lattice distortion, and that the zigzag
carbon ribbons and CNT as well as the zigzag-bordered boron-nitrogen-carbon hetero-sheet and
hetero-tubes have certain magnetic ordering, becoming nanoscale ferromagnets in some cases.
Those surprising properties are closely related to electron states peculiar to tube-like structures
and to hexagonally bonded networks. Further calculations using double-periodicity unit cells
have revealed that the total energy for the anti-ferromagnetic state is lower than that ofthe non-

magnetic state by 20 meV per unit cell [2.13].

2.2.2 Mechanicalproperties

2.2.2.1 Strength and stiffness properties

Nanofibres alignment has been an issue for poor experimental results on strength and stiffness
parameters for PNC. Although polymer-organic nanocomposites also have a significantly higher
modulus and strength than the unfilled polymer, reported results [2.19] are still far below those
obtained from traditional carbon fibres. However, recent work seems very promising. For
instance, fracture toughness for a 10 vol.% multi-walled nanotubes (MWNT)/alumina composite
has been measured, indicating that it increased by 24% from 3.4 to 4.2 MPa/nY [2.20].
Experiments have been presented for carbon fibres that strongly favoured the uniform stress
model [2.3], In a recent work [2.4], different models were compared and a mosaic model was
developed, which could explain the non-linearity of the stress-strain curve of the fibres, i.e. the
increase in the Young’s modulus during loading. Other such work by Lau and Shi [2.21]
displayed rupture after extensive loading of 5-6 nm but the same PNC withheld better when heat-
treated. By computing the stiffness of SWNT for different chiralities, it has been demonstrated
that the Young modulus shows a small dependence on the tube diameter and chirality for the
experimental range of nanotube diameters (between 1.3 and 1.4 nm). It has been predicted that
carbon nanotubes have the highest Young’s modulus of all the different types of composite tubes
considered (BN, BC, BC N, C, N, CN, etc.) [2.11, 2.22]. Nonetheless, experimental results have
shown Young’s modulus value ofaround 1.25 TPa for both SWNT and MWNT are achievable.

1
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The in-plane Young’s modulus and the shear modulus of polyacrylonitrile (PAN) based fibres
and mesophase-pitch based fibres, carbon nanocrystallites were investigated [2.23] during in-situ
tension tests of single carbon fibres by X-ray diffraction using the shift of the 10 band in the
meridional direction and the change in the azimuthal width of the 002 reflection. The limiting
value for the Young’s modulus was found to be 1140 GPa, which is higher than the value for
graphite obtained from macroscopic specimens, but coincides with recent measurements on
nanotubes. The research also found out that, the shear modulus evaluated using a uniform stress
approach was found to increase with increasing disorientation ofthe crystallites. It turns out that
both the in-plane Young’s modulus and the shear modulus are not constant, but dependent on the
orientation parameter. Poisson’s ratio for SWNT obtained [2.11, 2.23] so far ranges around 0.14
to 0.28. It is worth noting that the computed Poisson’s ratio values for SWNT are in all cases
positive meaning the elongation of the tube reduces its diameter. Effects on the tube radius
reflected a strong dependency with the nanotube chirality.

On CNT/poly (vinyl alcohol) composite films for mechanical characterisation [2.24], the
tensile elastic modulus and damping properties of the composite films were assessed in a
dynamic mechanical thermal analyser as a function of nanotube loading and temperature. On
application of the short-fibre composite theory, a nanotube elastic modulus of 150 MPa was
obtained from the experimental data that is far below the values reported for isolated nanotubes.
On development of the high-temperature semicrystalline poly(ether ether ketone)
nanocomposite, the authors [2.18] noted addition of low CNF contents lead to a linear increase in
tensile and bending stiffness and tensile yield stress and strength without negatively affecting the
matrix ductility at loadings up to 10 wt.%. The stiffness increase was more pronounced above
the glass transition ofthe polymer. Though the success of this experiment showed the nanofibres
could influence the polymer/matrix during crystallisation, the intrinsic stiffness was quite low
and only applicable on delicate composite structures and films.

On characterisation of carbon nanotube/polystyrene composites [2.25] with the addition of
only 1% nanotubes by weight (about 0.5 vol.%), the authors achieved between 36—42% increase
in the elastic stiffness and a 25% increase in the tensile strength. They also used short-fibre
composite theory to demonstrate that 10% by weight ofcarbon fibres (about 5 vol.%) obtained in

a different work [2.26] would be required to achieve the same increase in elastic modulus with 1
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wt.% of CNT. The latter [2.26] showed that the mechanical properties of vapour grown
nanofibres for reinforced thermoplastics could be improved by ball-milling the fibres before
blending them with the polymer matrix. This process breaks down the fibre clumps and increases
the infiltration of the matrix material during high injection moulding. As such, the infiltration of
fibres could be further improved by processing under high pressure. Further tensile, shear and
strength tests on fibre reinforced composites exhibited their superiority to conventional short-
fibre epoxy composites [2.27],

Strain-induced hardening observed in wuniaxial elongational converging flow for a
nanocomposite of 0.2 wt.% maleic anhydride modified PP and an organically modified
montmorillonite is attributed, through TEM measurements, to the perpendicular alignment of the
silicate layers to the flow direction [2.28]. The authors observed that Trouton’s rule relating the
shear and elongational viscosity failures. Small-angle X-ray scattering (SAXS) measurements
by Medellin-Rodriguez et al. [2.29] showed that an end-tethered nanocomposite of nylon 6 and
clay can be oriented at relatively low shears at temperatures slightly above the melting points.
The orientation occurs by the ‘normal’ to the clay surface aligning along the flow direction
through vortices during shear. The orientation increases with shear time and remains stable for
fairly long times even in the molten state. Preserving the orientation below the nylon 6 melting
points can be achieved by dynamic non-isothermal crystallisation. The formation ofthe oriented-
type nylon 6 crystals is suggested [2.29] to be due to the previously oriented clay particles and

not to the weak shear rates applied during crystallisation.

2.2.2.2 Toughness

Recent work on spherical nanoparticle titania filled epoxy has shown that the modulus,
strength, strain-to-failure and scratch resistance can be increased simultaneously at a certain
volume fraction of filler [2.30]. Layered silicate based nanocomposites, like other intrinsically
anisotropic materials, exhibit the ability to orient the silicate layers in response to externally
applied flow. This ability to orient, along with the quiescent mesoscale structure, appears to
control the viscoelastic properties of such nanocomposites. The early studies on nylon 6 based
end-tethered nanocomposites suggested that the silicate layers, upon injection moulding of the

nanocomposites, exhibit substantial parallel alignment layer normal in the gradient. Similar
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orientation for end-tethered poly (s-caprolactone) montmorillonite nanocomposites subjected to
prolonged large amplitude oscillatory shear has also been reported [2.31],

Another characterisation experiment was on hardness, fracture toughness and the tensile
behaviour of spherical nanoparticle alumina filled poly(methyl methacrylate) (PMMA) [2.20].
The results showed a significant increase in strain to failure, averaging over 28%, in the 5 wt.%
on filled samples. This represents an increase of 400% over that for neat PMMA tested at 25°C.
A drop in modulus, ultimate strength, and scratch resistance accompanied a similar response
observed for the strain-to-failure. A similar experiment was carried on CNT/PMMA composites

[2.1, 2.25], whereby a free-radical initiator, AIBN, to open their 7t-bonds, initiated the nanotubes.

2.2.3 Storage modulus

The characterization of the WAXS, SAXS and TEM demonstrated that exfoliated
nanocomposites can be formed from organoclay and epoxy [2.32]. Dynamic mechanical analysis
(DMA) showed the storage modulus of this nanocomposite is higher than that of the pristine
polymer. This was attributed to high aspect ratio and high strength of the nanoclay. The solvent
uptake, such as acetone for the nanocomposite, was significantly reduced when compared with
the pristine polymer as a result ofthe barrier effect of nanosheets of'the clay.

Besides, polymetallic nanocomposites of aerospace relevance have been cited in the literature.
Lukehart et al. [2.33] presented methods for preparing polymetallic precursors and for preparing
improved nanocomposites formed from such precursors, which are useful in fuel cell catalyst
compositions. The nanocomposites include a support and a plurality of polymetallic
nanoparticles with a selected metal atomic ratio. The metals in the polymetallic precursors have a
stoichiometric ratio that is approximately equal to the selected atomic ratio of metals in the
nanoparticles such that stoichiometric control is provided for the resulting nanocomposite
catalyst. Crystalline intermetallic or metal alloy nanoparticles form when a polymetallic
precursor having a particular metal stoichiometry is contacted with a conductive support and the
precursor is thermally degraded on the support leading to retention of the metal core of the
precursor on the support. The polymetallic alloy nanoparticles that are formed have a selected

metal atomic ratio, which is approximately equal to the stoichiometric ratio of metals in the
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polymetallic precursor. Fuel cell catalysts comprising such nanocomposites have utility as either

anode or cathode fuel cell catalysts, particularly in DMFCs and can be extended to other uses.

2.2.4 Dispersion and interfacial bonding

Improved dispersion and interfacial bonding of the nanotubes in an epoxy matrix appears to
result in a 30% increase in elastic modulus with addition of 1 wt.% nanotubes [2.34], The key
factor in forming a strong interface is having a helical conformation of polymer around the
nanotube. It has been suggested that the strength of the interface may result from molecular
level chemistry [2.35]. As mentioned earlier on, investigation on SWNT/epoxy composite
displayed a nearly constant value of Raman peak which the authors [2.36, 2.37] attributed this to
tube sliding within the nanotube bundles resulting in to poor interfacial load transfer between the
nanotubes [2.22], Other reports [2.36] on investigations made by Raman spectroscopy found the
effect modulus of SWNT dispersed in a composite could be over 1TPa and that of MWNT about
0.3 TPa.

On the same pursuit, an examination was reported on MWNT-containing fdm, of
approximately 200-prn thickness [2.10]. Stress-induced fragmentation of the film was observed
and attributed to either process-induced stress resulting from curing of the polymer or tensile
stress generated by polymer deformation and transmitted to the nanotube. On a different
perspective [2.20], an investigation on compression and tension by Raman spectroscope showed
the compressive modulus on MWNT/epoxy composite was found to be higher than the tensile
modulus of the composites, while the Raman peak was found to shift only in compression,
indicating poor interfacial load transfer in tension.

Work by Chenggang and Curliss [2.38] on organoclay epoxy nanocomposites proved that
addition of clay to the resin did not significantly alter the viscosity or cure kinetics and that the
modified resin would still be suitable for liquid composite moulding techniques such as resin
transfer moulding. Differential scanning calorimeter (DSC) was performed to study the kinetics
of the curing reactions in the modified resin. An in situ SAXS experiment was used to
understand the structural development during cure. Based on the in situ SAXS data, structural
changes were monitored in real time during cure and analysed. Results from wide-angle X-ray

diffraction (WAXS), SAXS, and TEM of the polymer-silicate nanocomposites were used to
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characterize the morphology of the layered silicate in the epoxy resin matrix. The glassy and
rubbery moduli of the polymer-silicate nanocomposites were found to be greater than the
unmodified resin due to the high aspect ratio and high stiffness of the layered silicate filler. The
solvent methanol absorption was also slower for the polymer-silicate nanocomposites.
Conductive complex of polyaniline and sulfonated polyurethane (PANI-SPS), which is a
template-synthesised form of PANI that produces a complex between the two polymers, PANI,
and the strong acid polyelectrolyte, sulfonated polystyrene, were used to blend two forms of
carbon nanotubes into thermoplastic elastomeric polyurethanes for processing into nanotube-
containing nanofibres. The polyelectrolyte is presumed to provide the ionic doping of the
templated PANI in the complex, and aids in plasma enhanced chemical vapour deposition
prepared CNT (1-5 pm long and straight), and furnace chemical vapour deposition prepared
carbon nanotubes (5-10 pm long, coiled and twisted). This sort of process could be valuable for
the PANI/clay nanocomposites manufacturing [2.39], As such, the PANI-clay nanocomposite
particles, which can form columnar structure under an electric field, strongly enhance the
mechanical rigidity of suspensions [2.25], The maximum yield stress of the PANI/clay
composite suspensions (15 wt.% in silicon oil) was 1.6 KPa at 3 kV/mm, while that of pure

PANI was 300 Pa at the same electric field.

2.2.5 Thermal stability

Flame retardancy and thermal stability of nanocomposites have achieved considerable attention
due to strict and stringent aerospace requirements. The complexity in achieving extended range
of thermal stability can sometimes be related to the inadequacy of the numerical estimations
currently in use. For example, nanofibres, like the vapour grown carbon fibres (VGCF), are
composed of an annular geometry parallel to the fibre axis, the conductive properties along the
fibre axis are very different from those in the transverse direction up to 2000 W/m K in the axial
direction versus 10-110 W/m K in the transverse direction [2.40], This makes it difficult to
apply the existing models such as Cox’s model or simple rule-of-mixture to VCGF due to their
anisotropic characteristics, as well; the fibres are not perfectly aligned longitudinally. Hence,
Kuriger et al. [2.40] predicted thermal conductivity by semi-theoretical Lewis and Nielsen model

for uniaxially oriented fibres [2.7], The results obtained here were considerably higher than those
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previously reported by Dasch ef al. [2.41] and Patton et al. [2.42] who had heat-treated their
specimens to increase thermal properties.

Singh and Haghighat [2.43] developed a tetra phenyl phosphonium compound (with thermal
stability in the range of 190-200 °C) to carry out cation exchange with the layered silicate
reinforcement. The salt ions readily exchange with the cations on the surface of the inorganic
phase attaching itself from the oxide surface and thus rendering the surface organophilic. That
surface modified system lends itself to direct melt intercalation because tetraphenyl
phosphonium is a high temperature organic moiety with thermal stability of 175-200°C later
extended to the use-temperature of the PNC to over 250° C. The thermal extension range was
based on the innovative use of organically modified layered alumino-silicates that combine the
layered silicate and the organic surfactant/compatibilizing agent in a single chemical compound.
The organic surfactant groups are bonded to the structural Si atom through thermally stable Si-C
bonds thus enhancing the thermal stability of the overall system. Therefore, those materials
provide unique inorganic layered silicate reinforcements having markedly more thermally stable
surfactants ‘built-in’ to the chemical structure.

Blumstein [2.44] showed PMMA inserted (d spacing increase of 0.76 nm) between the
lamellae of montmorillonite clay, prepared by free radical polymerisation of methyl
methacrylate, resisted thermal degradation under conditions that would otherwise completely
degrade pure PMMA (refluxing decane, 215°C, N2, 48h). Thermogravimetric analysis (TGA)
reveals that both linear PMMA and cross-linked PMMA intercalated into Na+ montmorillonite
have a 40-50°C higher decomposition temperature. Improvement in thermal stability similar to
that reported by Blumstein for both poly(dimethyl siloxane) (PDMS) and polyimide
nanocomposites was also observed. In the case of PDMS, the nanocomposite was prepared by
melt intercalation of silanol terminated PDMS into dimethyl to allow ammonium-treated
montmorillonite [2.45, 2.46].

Despite the low clay content, the disordered-delaminated nanostructure shows an increase of
140°C in decomposition temperature compared to the pure PDMS elastomer. Gilman et al.
[2.47] reported heat release rate’s peak reduction by 50-75% for Nylon-6, PS, and
polypropylene-gra/i-maleic anhydride nanocomposites. The experiment also found the type of

layered silicate, level of dispersion, and processing degradation has an influence on the
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magnitude of the flammability reduction. Triantafillidis et al. [2.48] work on an industrially
purified Na+montmorillonite and Li+-fluorohectorite clay, with a cation exchange capacity of
120 meq/100 g, which was converted to the H+ and Li+ exchanged forms by ion-exchange with
dilute HCI1 or LiCl aqueous solutions, respectively, recorded the data in Table 2.1. These organic
clays were prepared by ion-exchanging the inorganic clay with the diprotonated forms of
Jeffamine diamines D2000, D400, and D230. All the other nanocomposite samples in Table 2.1
were prepared by direct addition of the clay additive to the epoxy resin curing agent mixture
apart from D2000-PGW, which was prepared by pre-mixing of epoxy monomers with the organo
clay. Pristine epoxy-B (star marked) was prepared by substitution of4.0 mol.% D2000 (organic
clay modifier) for D230 (curing agent) in the pristine. It has already been demonstrated that for
high-use temperature, lightweight polymer/inorganic nanocomposite materials possess enhanced
performance characteristics and thermal stability for long-term use-temperatures of 175-200 °C
[2.43], Beyer [2.49] synthesised a nanocomposite through melt-blending ethylene-vinyl acetate
copolymer (EVA) with MWNT. Fire property measurements by cone calorimeter revealed that
the incorporation of MWNT into EVA significantly reduced the peak heat release rates
compared with the virgin EVA. Peak heat release rates of EVA with MWNT were slightly
improved compared with EVA nanocomposites based on modified layered silicates. The char
acted as an insulating and non-burning material reducing the emission of volatile products (fuel)
into the flame area. There was also a synergistic effect by the combination of CNT and
organoclays resulting in an overall more perfect closed surface with improved heat release values

[2.49],
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Table 2.1 Dynamic mechanical analysis and thermogravimetric data for pristine epoxy polymer and
polymer/clay nanocomposites with Na+~montmorillonite (PGW) and Li+fluorohectorite clay (FH)clay
loading of 6 wt.% unless otherwise stated [2.48|.

Thermal
Tg .
Storage Modulus (E) stability,
(tan Snax)
T=1.5%
At 40°C At110°C °C
Clay additives °C
GPa (£10%) GPa (£10%) (£2°)
Pristine epoxy-A(0% clay) 2.9 18.4 82.6 373
Pristine epoxy-B(0% clay) 3.0 20.1 75.5 361
H+PGW 2.9 22.1 82.8 354
Li+PGW 2.7 19.9 82.3 356
Li+FH 3.1 25.2 85.2 351
D2000-PGW (1 wt% clay) 3.5 21.5 81.2 345
D2000-PGW (3 wt% clay) 3.6 22.1 76.8 341
D2000-PGW 3.8 21.5 69.8 336
D2000-PGW* 3.6 24.0 75.1 339
D400-PGW 3.6 232 84.2 346
D230-PGW 3.5 28.3 84.5 358
D2000-FH 3.9 30.5 73.7 323
D400-FH 3.9 32.1 79.1 340
D230-FH 4.0 45.4 84.7 345

2.2.6 Aerospace durability

Organic polymers with uniformly dispersed nanoscale inorganic precursors may enable
polymeric materials to withstand the harsh space environment and be used as critical weight-

reduction materials on current and future space systems. Lincoln et al. [2.50] speculated launch
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vehicles would greatly benefit from appropriately designed nanocomposites that could provide
improved barrier properties and gradient morphologies enabling linerless composite cryogenic
fuel tanks. Self-rigidizing and self-passivating nanocomposite materials could be used to
construct space vehicle components that are both highly resistant to space-borne particles and
resistant to degradation from electromagnetic radiation, while reducing the overall weight of the
spacecraft.

Nanocomposite materials also offer the unique opportunity for improved tailorability of
physical and structural properties such as the coefficient of thermal expansion, which would be
especially useful in constructing large aperture telescopes and antennas using inflatable
membranes. Lake [2.51] observed nanofibre with a diameter in the order of 100 nanometers and
a length of about 100 microns has a higher potential for low cost and large volume production.
Methods for fabricating composites from these materials are under development, and show
promise in a number of large volume applications.

Models describing the strength and modulus of other short fibre reinforced composites suggest
that this form of fibre could be used to produce excellent engineering composites with modulus
several times in excess of aluminium. This level of reinforcement implies that critical degrees of
two-dimensional orientation are achievable, as well as a proper fibre/matrix interface. This
premise, coupled with the prospect of a production cost comparable to that of glass fibres

provides the basis of a potential revolution in the field of PNC.

2.3  Theoretical and computational composite modelling

2.3.1 Sandwich composite beams

The dynamic behaviour of sandwich beams is well researched and the literature has been
around for nearly halfa century. A sample of selected papers published in recent years is given,
which review the state of the art and provide numerous cross references on the subject. One of
the main reasons for conducting research in this area is due to the fact that sandwich
constructions offer designers a number of advantages of which, perhaps the most important one
is the high strength to weight ratio. This can be crucial, particularly in aerospace design, where

weight saving is, as always, a major consideration. The published literature on the free vibration
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analysis of sandwich beams deals mainly with three layered sandwich beams that are elastic (and
some times viscoelastic), homogeneous and isotropic, but rigidly joined together, and for which
the top and bottom layers are generally made of strong materials such as steel or aluminium
whereas the core (i.e. the middle layer) is relatively soft, for example, rubber, so as to provide
adequate damping and good energy absorption characteristics.

Di Taranto [2.52], Mead and Sivakumaran [2.53] and Mead and Marcus [2.54] are some of the
earlier investigators who studied the free vibration problem of sandwich beams using the
classical approach. They solved the governing differential equations of motion of a sandwich
beam and imposed boundary conditions to obtain the natural frequencies and mode shapes. In
later years, with the advent of digital computers, finite element based solutions became available
[2.55-2.58]. One important feature of the published literature is that the value judgements made
by various investigators when establishing the model accuracy of a sandwich beam have been
interestingly, and often intriguingly, diverse. There is no doubt that there is considerable
difficulty in obtaining an accurate analytical (mathematical) model for a sandwich beam. The
difficulty arises from the very nature ofthe problem in which two or more structural components
with different properties are joined together. For instance, in the case of a three-layered sandwich
beam consisting of a (soft) core and two face materials, the difficulty in the formulation would
appear when preserving equilibrium and compatibility conditions in the interfaces between the
core and the face material. In the early eighties, Mead [2.54] made an objective assessment of
various sandwich beam models that were used to investigate the free vibration characteristics.
Basically, he compared the governing differential equations derived by various authors for free
vibration analysis of sandwich beams. A relatively simple (but practically realistic) model
assumes that the top and the bottom faces of a sandwich beam deform according to the
Bemoulli-Euler beam theory whereas the core deforms only in shear. This model has been used
by many [2.52, 2.54] and has provided an important basis for further development on the subject.
Some authors [2.59-2.63] have extended this simple model by considering the core to be
viscoelastic. (This has generally been achieved by simply assigning a complex value to the shear
modulus of the core in the formulation.) Most of these investigations focus on the analysis of a
single sandwich beam. There are, however, some finite element based solutions [2.55-2.58] that

extend the general application of the work as they can cover an assembly of sandwich beams.
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Sainsbury and Ewins [2.64] carried out a detailed vibration analysis of a machinery structure
consisting of composite beams by using the mechanical impedance of component structures.
Their method can at best be described as an approximation to the dynamic stiffness method.

A majority of the analyses reported, appear to have been carried out either by using the
solution of the classical governing differential equations and thereby imposing the boundary
conditions or by using the conventional finite element methods. However, in recent years,
Banerjee [2.65], Banerjee and Sobey [2.66], and Howson and Zare [2.67] used a different
approach which is that ofthe dynamic stiffness method. The authors ofthese papers have pointed
out that there are many advantages ofthe dynamic stiffness method in that it is probably the most
accurate method (often called an exact method) and unlike the finite element and other
approximate methods, the model accuracy is not unduly compromised, as a result of using a
small number of elements in the analysis. For instance, one single structural element can be used
in the dynamic stiffness method to compute any number of natural frequencies to any desired
accuracy. This is, of course, impossible in the finite element and other approximate methods.
Earlier investigators ofthe free vibration analysis of sandwich beams using the dynamic stiffness
method have had varying degrees of success. However, it is to be noted that during the
developments of the dynamic stiffness method, especially for solving the sandwich beam
vibration problem, there were considerable difficulties due to lack of knowledge and scarcity of
literature on the subject. Thus, in the initial stages, simplifying assumptions were made and the
choice of the allowable displacement was significantly restricted. This was probably justified at
the time, particularly in view of the complexities involved in deriving as well as solving the
governing differential equations in closed analytical form which are basic requirements in the
dynamic stiffness method. For instance, Banerjee [2.65] in his earlier work assumed that the top
and bottom layers of the sandwich beam behave according to the Bernoulli-Euler beam theory
whereas the core deforms only in shear. This was no-doubt restrictive, but nevertheless, the
theory worked well for certain classes of problems, particularly in the lower frequency range. A
couple of years later, Banerjee and Sobey [2.66] improved the model substantially, by idealising
the top and bottom layers as Rayleigh beams whereas the central core as a Timoshenko beam.
This recent development which led to an eight order system as opposed to the sixth order one in

the former, benefited very considerably from the use of symbolic computation when
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manipulating the algebra. Without the application of symbolic computation the work would have
been very difficult, and probably impossible. With the advent of symbolic computation, the
research using the dynamic stiffness method to solve free vibration problems has no-doubt

reached a certain degree of maturity, which partly motivated this work.

2.3.2 Composite beam modelling

Once the geometric idealization is made, a separate logical step in beam modelling consists of
selecting the type of beam theory to be employed. Any beam theory is associated with
introduction of variables, which depend only on the coordinate along the beam axis (Figure 2.1).
For general deformation at least four such one-dimensional (1-D) variables have to be
introduced: extensional, torsional, and two flexural variables corresponding to bending
deformation along two orthogonal directions. The corresponding 1-D governing equations are
uncoupled for isotropic beams with doubly symmetric cross sections and are given by the Euler-
Bemoulli theory for extension and bending and the St. Venant theory for torsion. To extend this
theory to composite beams, one must allow the governing equations to become coupled due to
the appearance of off-diagonal terms in the cross-sectional stiffness matrix [2.68], To take
advantage ofthe beam geometric feature without loss of quality, one has to capture the behaviour
associated with the two dimensions eliminated in the model. Together with elastic couplings
among all the forms of deformation of a composite beam, the beam stiffness model is strongly
affected by the in- and out-of-plane warping displacements [2.69], For instance, a classical
theory originating from variational asymptotic method (VAM) accounts for extension, torsion,
and bending in two directions [2.70], The theory is based on 3-D nonlinear theory, and provides
the basis for both the (typically) linear, 2-D cross-sectional analysis and the 1-D nonlinear
equations. The classical theory is limited to slender beams (beam that is not a thin-walled open
section) and undergoes motions with large wavelength i.e., low-frequency modes of vibration.
Flowever, a refined theory is often required for high accuracy in other situations resulting in to
the following refinements:

i) The Timoshenko refinement, needed for short-wavelength modes associated with

transverse shear effects,

23



Chapter 2

ii)) The Vlasov refinement, typically needed for thin-walled, open-section beams; and
finally,
iil) A general refined theory, in which new degrees of freedom are chosen based on

criteria that are problem dependent (high frequency vibrations and sandwich beams).

Figure 2.1 Laminated panel: geometry, coordinates axes, and sign convention for displacements and

stresses

Few excellent reviews have been presented in recent times associated with composite beam
modelling [2.68, 2.71, 2.72], and specialised works on pretwisted rotating beam theories have
been reviewed [2.73], To mention but a few, Patila and Hodges [2.74] presented theoretical
development of a nonlinear aeroelastic analysis for high-aspect-ratio wings. The analysis coupled
a geometrically exact beam theory with a nonplanar aerodynamic theory aiming to investigate
the effects of geometrical nonlinearities on the aeroelastic behaviour of high-aspect-ratio wings.

In another development, Pandey et al. [2.75] presented work that attempted to address the
potential of composites to improve the lateral-torsional stability of [-beams. The work was based
on the composite [-beam theory of Bauld and Tzeng [2.76], Further, the theory of Bauld and

Tzeng has been shown to fail in certain situations by a comparison with numerical solutions and
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with an asymptotically correct theory for composite I-beams developed by Volovoi et al. [2.11].
Recently, Hodges and Peters [2.78] considered lateral-torsional buckling of elastically coupled
composite I-beams, and looked at closed-form approximate solutions that would be valuable in
preliminary design. Using this comparison function, a formula for the buckling load as a function
of the small parameters of the problem was found and validated. However, the load-offset
parameter always appeared in the governing equations as multiplied by a ratio of stiffness, which
become large, especially for composite I-beams - for this case, a special treatment was

recommended.

2.3.3 Fibre andply orientation

Fibre and ply orientation have substantial aeroelastic benefits. For instance, Sarigul-Klijn and
Oguz [2.82] reported on the effect of aspect ratio and ply orientation on aeroelastic response of
composite plates and they explored the importance of divergence and flutter behaviour in flight
vehicles. Georghiades and Banerjee [2.79-2.81] examined the significance which wash-out can
have on the flutter characteristics relating to swept and unswept aircraft composite wings. The
coupling effect between the bending and twisting modes of structural deformation in flutter
analysis was also investigated. Another work reported on the nonlinear effects of fibre
orientations on the transonic and supersonic flutter characteristics of a composite missile wing
model can be found in [2.83], Free vibration of composite wings on the other hand has been
extensively investigated [2.84, 2.85], The lay-ups of some structural components may have a
significant effect on the structural rigidities but may have little effect on flutter behaviour. In
fact, a careful selection of initial lay-up and/or design variables may improve the optimisation
efficiency. However, an unconstrained aeroelastic optimisation for maximum flutter speed might
reduce the laminate strength of a composite wing structure. The strength set in the initial design
can be regained without compromising the maximum flutter speed and the weight by optimising
the wing structure in a constrained optimisation. Guo et al. [2.87] showed that a careful choice of
initial lay-up and design variables leads to a desirable bending, torsional and coupling rigidities,
with the provision of an efficient approach when achieving a maximum flutter speed with a
minimum mass of a composite wing. An analytical study on optimisation of a thin walled wing

box model made of laminated composite material showed that up to 18% increase in flutter
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speed and 13 % reduction in weight can be achieved without compromising the strength. The
work also reported that in comparison with the bending rigidity, both the torsional and the
coupling rigidities have much more significant effects on the flutter speed of a composite wing.
The torsional rigidity also played a relatively more dominant role in aeroelastic tailoring
although the work failed to determine a clear trend of the coupling rigidity effect on the flutter

speed.

2.4 Buckling problem

Elastic stability (or buckling) of beams, plates, and shells is one of the most important criteria
in the design of any structure. Often, it is the critical design issue (even more than strength) in
sizing certain structural elements. Because of this crucial role of elastic stability, it is extremely
useful to have results of buckling analysis expressed in closed form, even if they are
approximate, whenever possible for design analysis [2.75-2.77], Although such approximate
analyses cannot replace an over-all elastic stability analysis of the entire structure, the ease of
implementation and the physical insight that such forms give allows valuable design tradeoffs to
be made in the preliminary design phase; and that can lead to significant improvements in cost
and performance of the structural design. On this line of interest, active buckling controls of
laminated composite plates [2.88, 2.89], beams [2.90-2.92] and beam columns [2.93] with
surface bonded or embedded piezoelectric sensors that are either continuous or segmented have
been presented.

In a recent work, a procedure has been developed to produce and solve algebraic equations for
any order aeroelastic systems, with and without frequency-dependent aerodynamics, to predict
the Hopf bifurcation point [2.94], Apparently, the estimation of the Hopf bifurcation point is an
important prerequisite for the non-linear analysis of non-linear instabilities in aircraft using the
classical normal form theory. For unsteady transonic aerodynamics, the aeroelastic response is
frequency-dependent and therefore a very costly trial-and-error and iterative scheme, frequency-
matching, is used to determine flutter conditions. Also, the standard algebraic methods have
usually been used for systems not bigger than two degrees of freedom and do not appear to have

been applied for frequency-dependent aerodynamics. In the proposed approach the computation
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is performed in a single step using symbolic programming and does not require trial and error
and repeated calculations at various speeds required when using classical iterative methods. The
method has been evaluated via a Hancock two-degrees-of-freedom aeroelastic wing model and a
multi-degree-of-freedom cantilever wing model [2.94], Hancock experimental data was used for
curve fitting the unsteady aerodynamic damping term as a function of frequency. As claimed, a
fairly close agreement was obtained between the analytical and simulated aeroelastic solutions

with and without frequency-dependent aerodynamics.

2.5 Free vibration analysis

The analytical approach to the vibration problem of the composite beams is an on going
process with most researchers developing previous ideas and taking them a step further. Various
works from over the years concerned with the free vibration of beams may be found from the
literature since the design concepts of elastic tailoring in a wooden propeller design was invented
in 1949 [2.95], Over the years a number of stiffness models for composite beams have been
developed and this study makes no attempt to cover each ofthe models. However, several ofthe
famous models are described in this section. For instance, an investigation on the effects of
laminate unbalance on the natural frequencies and mode shapes of cantilevered graphite/epoxy
plates with bending-torsion stiffness coupling was conducted [2.96], It involved performing a
Rayleigh-Ritz analysis in order to determine the sensitivity of the accuracy for the predicted
lowest three natural frequencies to the choice of assumed mode shapes. The study successfully
co-related the predicted frequencies with experiments. The conclusion was that inclusion of
chordwise bending is of vital importance even for configurations with a high aspect ratio.
Otherwise the predicted torsional frequencies may not be reliable for plates with high bending-
torsion stiffness coupling. In another case, a study was carried out on the calculation of natural
frequencies and mode shapes but for non-rotating composite beams [2.97], It was shown that
predicted free-vibration characteristics of composite beams could be sensitive to the assumptions
used in determining the stiffnesses.

A numerical study on the influence of the shear flexibility, due to either bending and/or

warping, on the out-of-plane free vibration of continuous horizontally curved thin-walled beams
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with both open and closed sections has been carried out [2.98]. A spectrally formulated element
that has 3D (axial motion, transverse motion and rotation) per node for analysis of slender
multiply connected composite beams under high-frequency impact loading was presented [2.99].
It was proposed that with this approach, a very large composite 2D beam network can be
analyzed under high-frequency impact loading with much smaller system size and lower
computational cost compared to time domain finite element method. Bassiouni et al. [2.100]
worked on the dynamic behaviour for laminated composite beams using finite element method to
obtain natural frequencies and mode shapes of the beam. Kim et al. [2.101] studied free vibration
of a rotating tapered composite Timoshenko shaft. A mechanical model rotating at a constant
speed about its axis was developed. This model represented an extended length-cutting tool
intended for use in high-speed operations. In another development, analysis of the non-linear
vibrations/post buckling analysis of laminated orthotropic beams/columns on two-parameter
elastic foundation was performed [2.102]. The element was based on a consistency approach
eliminating the shear-locking phenomenon for thin beam cases. The formulation accounted for
transverse shear deformation, in-plane and rotary inertia terms, and highlighted the influences of
different parameters on frequencies and buckling loads of laminated orthotropic beams. The
nonlinear frequency/post-buckling load was obtained using an eigenvalue approach coupled with
an iterative procedure. A different work carried out on the in-plane free vibration analysis of
symmetric cross-ply laminated circular arches using both the Timoshenko and Bernoulli-Euler
beam theories and derived free vibration equations based on the distributed parameter model
while the transfer matrix method [2.103]. The study concluded that the dynamic problems of
laminated composite circular arches must be solved considering the rotary inertia; axial and
transverse shear deformation effects in the mathematical formulation.

Hidenori and Junya [2.104] studied the effect of constitutive coupling of stretching, bending,
and transverse shearing on the free vibration of anisotropic cantilever beams as well as simply
supported beams with narrow rectangular cross-sections. Song and Waas [2.105] investigated the
effect of buckling and free vibration of stepped laminated composite beams using simple higher-
order theory (SHOT), which assumes a cubic distribution for the displacement field through the
thickness. The results showed that SHOT did not predict superior results than Timoshenko’s

shear theory even though SHOT was algebraically more complex. An additional investigation
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was conducted on the free vibration of a stepped composite Timoshenko cantilever beam
[2.106]. In an interesting development, Fein [2.107] successfully employed holographic
interferometry, alternate methods that define actual data on the ground in a non-invasive
environment to characterize the materials and behaviour of diverse types of structures under
stress. This work followed the previous one on holographic interferometry applied to
characterize the dynamic structure of an advanced graphite-epoxy polymer composite structure
[2.108]. He et al. [2.109] presentation focused on a uniformizing method presented for the free
vibration analysis of metal-piezoceramic composite thin plates, which are popular structures of
thin plate-type ultrasonic motors. Sundaresan et al. [2.110] developed a general model based on
Hamilton's principle and spectral analysis for non-linear free vibrations occurring at large
displacement amplitudes of fully clamped beams and rectangular homogeneous and composite
plates The work concentrated on forced non-linear response of clamped-clamped (C-C) and
simply-simply (S-S) supported beams and the model was derived using spectral analysis,
Lagrange's equations and the harmonic balance method. The use of Pade approximants permitted
considerable increase in the zone of validity of the solution obtained for very large vibration
amplitudes. In another interesting work, study on skew fibre reinforced composite laminates
considering a B-spline Rayleigh-Ritz method (RRM) has been presented [2.111], It covers free
vibration analysis of thin skew fibre reinforced composite laminates which may have arbitrary
lay-ups, admitting the possibility of coupling between in-plane and out-of-plane behaviour and
general anisotropy. The RRM has also been used on the calculation of natural frequencies of
composite plates [2.112], Similar work combined Ritz method with appropriate, complete bases
of orthonormal polynomials and subsequently applied on the energy functional of the love-type
version of a unified shear-deformable shell theory [2.113]. The accurate modelling of the
interlaminar stress distribution may become a serious issue for further investigation, as it already
is for the stress analysis oflaminated composite structural elements.

Free vibration investigations have been researched from as many angles as the complexity of
the composite beams. An actively developing field is ‘vibration control’. Although this is not

discussed further here, readers are directed elsewhere for further reading [2.114-2.118].
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2.6  Flutter phenomenon investigations

2.6.1 Panelflutter

Panel flutter is a dynamic aeroelastic instability phenomenon resulting from the interactions
between motions of an aircraft structural panel and aerodynamic loads exerted on that panel by
air flowing past one of the faces. Recently, considerable research efforts have been expended to
address panel flutter. For instance, a high-precision higher-order triangular-plate element that
can be used to deal with transverse shear effects based on a simplified higher-order shear
deformation plate theory (SDPT) and von Karman large deformation assumption has been
developed for the nonlinear flutter analysis of composite laminates [2.119]. The transverse shear
was found to have profound influence on the flutter boundary for a thick plate and under certain
conditions it might change the plate motion from elastically buckled but dynamically stable to a
limit-cycle oscillation. On further developments, the finite-strip method [2.119] was later
applied by the same authors to the flutter analysis of aircraft composite panels [2.120].
Elsewhere, following adaptive composites modelling and application in panel flutter plate,
Suleman [2.121] concluded that it can be inferred that it is possible to achieve an increase in the
flutter envelope using piezoceramics. However the application of the electromechanical adaptive
composite plate concept is dependent on the mass to stiffness ratio and on the configuration and
placement of'the actuator patches.

Jinsoo and Younhyuck [2.122] developed a frequency-domain flutter analysis scheme for
wings using an unsteady 3D panel method. The method was validated by comparing the
generalized aerodynamic forces and the flutter points with other numerical results and measured
data for various types of wings. In a corresponding work, a study on subsonic flutter suppression
using self-straining actuators for the Goland wing model with torsion mode flutter has been
reported [2.123]. The work revealed that while effective in increasing structure damping prior to

flutter, self-straining controllers have little or no effect on the flutter speed.

2.6.2 Thrustinducedflutter

Considering that engine thrust can be represented as a follower force, it is possible that thrust

could lead to instability of an aircraft wing [2.124], Even ifthe thrust force were not high enough
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to induce instability on its own, it is quite likely that thrust could interact with other destabilizing
mechanisms, for example, aeroelastic flutter. Even for propeller-driven aircraft, thrust could be
important although, in the case of prop-whirl flutter, the thrust follows the propeller tip-path
plane rather than the nacelle. For stiff propellers, however, it would nearly follow the nacelle.
The effect of thrust on the flutter speed may be important, especially in the case of aircraft with
very flexible wings. If thrust were to lead to a lowering of the aeroelastic flutter speed, one
would certainly need to know about that in order to make appropriate adjustments in the design.
Even if thrust were to increase the flutter speed, this could lead to an overly conservative design.
In either case, the inclusion of thrust effects in flutter analysis should lead to a more complete
analysis.

Kurnik and Przybyowicz [2.125] have studied an extended problem of the stability of
Leipholz’s slender column with rotation effect taken into account. The follow-up work examined
a rotating cantilever column (slender shaft) subject to a tip-concentrated follower load and
actively stabilised by piezoelectric elements [2.126]. The shaft was made of an active laminate -
the piezoelectric fibre composite since such systems exhibit flutter-type instability as a result of
energy transfer from rotation and to transverse motion of the shaft [2.127], A velocity feedback
was assumed in the system of active stabilisation. It was found out that shafts undergoing
compression were particularly sensitive to such a stabilisation method; however, in the case of
tensile loads the approach becomes ineffective since the system could be stabilised with respect

to e.g. follower load but at the cost ofangular velocity, the critical threshold of which dropped.
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In another interesting development, Hodges [2.128] focused on a uniform beam without
bending-torsion coupling. In the model shown in Figure 2.2, three non-dimensional parameters
that govern the dimensionless critical load were taken as the ratio of the cross-sectional mass
centre offset from the elastic axis to the beam length (e) - (dashed lines), the ratio of the cross-
sectional mass radius of gyration to the beam length (¢j)), and the ratio of the fundamental
bending and torsional frequencies of an unloaded and uncoupled beam (r). Remarkably, when e
= 0 the problem ceased to be dependent on (), and the critical load depended only on r. And,
when e * 0, there was a rich dependency of the critical load on both e and () The researcher
suggested that bending-torsion elastic coupling of the beam, tip mass/inertia, and aeroelastic
effects could be included in a more generalized approach. In a later work, the effect of thrust on
the flutter of a high-aspect-ratio wing represented by a beam was investigated using a nonlinear
mixed finite element method [2.124], Aerodynamic forces were calculated using a finite-state, a
2-D unsteady aerodynamic model.

The effect of thrust was modelled as a follower force of prescribed magnitude. Parametric
studies showed that the predicted stability boundaries are very sensitive to the ratio of bending

stiffness to torsional stiffness. It was proposed that the effect of thrust can be stabilizing or
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destabilizing, depending on the value of this parameter. An assessment whether or not the
magnitude of thrust needed to influence the flutter speed in practice was also conducted for one

configuration.

2.6.3 Wing/store typeflutter

Within the context of aeroelastic tailoring, the influence of external stores attached to the wing
structure has to be considered during the preliminary aircraft design phases. The mathematical
model of aircraft structure for flutter analysis is usually symmetric. When different stiffness or
mass properties exist between the left and right external stores, asymmetric configuration would
be taken into account. For certain external store configurations, a small amount of structural
asymmetry may increase the wing/store type flutter speed significantly. In this case, if feedback
control is introduced to adjust automatically the stiffness ofthe external store on either side, then
flutter can be suppressed effectively. The study of Liu et al. [2.129] study has shown feasibility
of this flutter suppression scheme - suppressing aircraft flutter by means of disrupting the
external stores symmetric state through some actuators driven by the structural-response signals.
Gern and Librescu [2.130, 2.131] addressed structural and aeroelastic tailoring applied to
advanced straight and swept aircraft wings’ carrying external stores via a wing structure
modelled as a laminated composite plate exhibiting flexibility in transverse shear and warping
restraint effects. The results were found to be in good agreement with other published work
highlighting the effects of underwing and tip stores on flutter instability [2.130]. Hu and Zhao
[2.132] proposed a simple automatic control device that has been adopted to adjust the friction
force of an electro-magnetic damper which is installed at the junction between the external store
and the wing model (Figure 2.3). Since some wing/store (configuration) application of an impact
damper can have significant effects on raising the flutter speed, the damping effects of the
friction force was utilized to suppress the wing/store flutter. For the proposed model, when the
electrical circuit is established, the armature was pressed to the yoke by the electro-magnetic
attraction force proportional to which a friction force is introduced between the friction disc and
the yoke. The attraction force was proportional to the square of the magnetic induction intensity
which itself was proportional to the current intensity fed to the coil of the damper. When the

damper was used to attenuate the rotational motion of a single-degree-of-freedom system, then
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the frictional torque produced by the damper varied proportionally to the intensity squared of the

current fed to the damper.

Figure 2.3  Sketch of wing/store model. 1wing; 2 store; 3 electromagnetic friction damper [2.132|.

2.6.4 Non-linearflutter

The next generation aeronautical and space vehicles are likely to feature increasing structural
flexibility, operate in severe environmental conditions and feature greater manoeuverability
capabilities than the present ones. In order to satisfy such contradictory requirements, an
exhaustive exploitation of both the load carrying capacity of their structures and the associated
manoeuverability capabilities should be used. The non-linear approach ofthe aeroclastic stability
problem enables one to determine the conditions in which, due to the character of the influence
of non-linearities that are inherently present in the aeroelastic system, the critical flutter velocity
can be exceeded without an immediate failure of the structure as well as conditions in which
undamped oscillations may appear at velocities below the critical flutter velocity [2.133-2.135].

Matching this behaviour with the post-buckling behaviour, the structures subjected to
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compressive and/or lateral loads experience some features similar to that of the post-flutter
response, in the sense of being benign that is mainly the behaviour of flat panels, or accompanied
by a snap-through jump, in which case the failure is imminent (case that is proper for curved
panels) [2.136], These facts emphasize the considerable importance of at least two issues of
including in the aeroelastic analysis the various non-linear effects - on the basis of which it is
possible to gain a better understanding of their implications upon the character of the flutter
boundary for benign or catastrophic effects. The importance of devising powerful methodologies
based on both passive and active feedback control algorithms enables one not only to increase
the flutter speed, but also to convert the catastrophic flutter boundary into a benign one. The
desirability of using passive means based upon the use of directionality property of advanced
composite materials and of active feedback control methodology appears to be an elegant
approach.

Chandiramani et al. [2.137] examined the non-linear dynamic behaviour of a uniformly
compressed, composite panel subjected to non-linear aerodynamic loading due to a high-
supersonic co-planar flow. Meanwhile, Librescu et al. [2.136] have recently studied the benign
and catastrophic characters of the flutter instability boundary of 2-D lifting surfaces in a
supersonic flow field. The work based on the first Liapunov quantity was used to study the
bifurcational behaviour of the aeroelastic system in the vicinity of the flutter boundary. It was
demonstrated that the increase of non-linearities yielded an increase of the ‘benign’ portions of
the flutter instability boundary; the opposite conclusion appeared for ‘soft’ non-linearities.
Further, with the increase of the supersonic flight speed that resulted in an increase of
aerodynamic non-linearities, an increase of the catastrophic portions of the flutter instability
boundary was experienced (Figure 2.4 and 2.5).

The first order shear deformable plate and Timoshenko beam theories have been used for the
finite element modelling of a skin panel and stiffeners considering von Karman non-linear strain-
displacement relationships, and the nonlinear transient response of fluttering stiffened composite
plates subject to thermal loads [2.138]. In a similar development, the thermal postbuckling and
aerodynamic-thermal load analysis of cylindrical laminated panels has been performed using the
finite element method in a follow-up work [2.139]. Again, the von Karman nonlinear

displacement strain relationships based on layerwise theory are applied to consider large
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deflections due to thermomechanical loads. The cylindrical arc-length method was used to take
account of the snapping phenomena while panel flutter analysis of cylindrical panels subject to

thermal stresses was carried out using Hans Krumhaar's supersonic piston theory [2.139],

Mfiieht

Figure 2.4 Influence of the aerodynamic non-linearities and of the elastic axis position on the first

Liapunov quantity, L, in the presence of physical non-linearities [2.136).
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Figure 2.5 Benign and catastrophic portions of the flutter critical boundary as a function of the elastic

axis position |2.136|.
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Research has also been in progress in the field of passive suppression systems which are
believed to be always more simple and robust than active control in practical operation. The
feasibility of passively dissipating mechanical energy with electrical shunt circuits has been
investigated. Such capabilities are likely to result in a tremendous increase in aircraft efficiency,
range, speed, and manoeuverability rate as well as in higher payloads characteristics. Hagood
and von Flotow [2.140] have recently formulated the equations of the mechanical and electrical
characteristics with piezoelectric material shunted with electrical circuits for the case of a resistor
alone and of an inductor-resistor resonant shunt to provide damping for the beam. Hollkamp
[2.141] showed that multiple modes can be suppressed using a single piezoelectric patch
connected to a multiple inductor-resistor-capacitor for a beam model. A finite element
formulation has been presented for the nonlinear flutter suppression of an isotropic panel under
uniform thermal loading by using the modal reduction scheme and LQR linear control [2.142],
Kim et al. [2.143] investigated a lag mode suppression of hingeless helicopter rotor blades with
an L-R shunt circuit. Moon and Kim [2.144] presented a finite element formulation for a passive
suppression scheme of nonlinear panel flutter using piezoelectric inductor-resistor series shunt
circuit. However, since this approach is a fixed design, the damping would not be optimal when
the system or operating conditions change.

Some studies have developed on active/passive hybrid control system, which integrates PZT
actuators with an external voltage source and an inductor-resistor circuit in series. A systematic
design/control method to ensure that the passive and active actions are optimally synthesized has
been presented [2.145]. In a recent work, Moon and Kim[2.146], have proposed a new optimal
active/passive hybrid control design for the suppression of nonlinear panel flutter, with
piezoceramic actuators using finite element methods. The researchers claimed that this approach
has the advantages of both active (high performance, feedback action) and passive (stable, low
power requirement) systems. Elsewhere, Bauchau et al. [2.147] have presented a methodology
for the analysis of backlash, freeplay and frictional effects in joints, within the framework of
non-linear finite element multibody procedures and their applications, incorporating the effects
of friction in joint elements together with effective computational strategy. A new strategy,
based on the nonlinear phenomenon of saturation, has been proposed for controlling the flutter of

a wing [2.148]. The results indicated that the aerodynamic nonlinearities alone can be
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responsible for limit-cycle oscillations and that the saturation controller can effectively suppress
the flutter oscillations of the wing when controller frequency is actively tuned. In still another
development, Patil et al. [2.149] have looked at the effect of structural geometric nonlinearities
on the flutter behaviour ofhigh-aspect-ratio wings. Theoretical and experimental investigation of
flutter and limit cycle oscillations using a nonlinear beam model and a stall model has been
conducted by Tang and Dowell [2.150], Hall ef al. [2.151] presented the results obtained by
using a 3-D geometrically exact (nonplanar) aerodynamic theory coupled with a linear structural
analysis. The results that were based on free-wake aerodynamic analysis, also, illustrated that
flutter instability speed was drastically reduced with wing curvature

In conclusion, there are many potential sources of non-linearities, which can have a significant
effect on an aircraft's aeroelastic response. One essential limitation involving the linearized
analysis is that it can only provide information restricted to the flight speed at which the
aeroelastic instability occurs. Furthermore, the linearized analyses are restricted to cases where
the transient aeroelastic response amplitudes are small. Often this assumption is violated prior to
the onset of instability. Thus, to study the behaviour of aeroelastic systems either in the post-
instability region or near the point of instability, the structural, physical and aerodynamic non-
linearities must be accounted for [2.136, 2.152], Nowadays, there is an increased attention to

address the non-linearlity issues as highlighted here.

2.6.5 Flutter ofa damagedpanel

To meet the increased performance and standards for the existing aircraft as well as new
generation of aerospace vehicles, engineers are using a combination of metallic and composite
structures in their design. The repair structures may be skewed in shape and may develop cracks
due to manufacturing process or fatigue loading during service. It is therefore, important to study
the flutter behaviour of such panels caused by the complex interaction of aerodynamic, inertia
and structural forces. Flutter takes place at a critical air speed and it is important to capture this
instability accurately for arbitrary panel configurations as it might otherwise lead to catastrophic
failure. Strganac and Kim [2.153] have also studied the aeroclastic behaviour of composite plates
subject to damage growth and suggested that there is a need to develop damage as part of the

flutter solution. Thus, Pidaparti and Chang [2.154] carried out an investigation of skewed and
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cracked panels under supersonic flow using the general plate/shell finite element based on
tensorial approach. Another work studied the supersonic flutter behaviour of isotropic thin
cracked panels using the hybrid finite element method [2.155], Recently, Lin et al [2.156]
studied the panel flutter problems of thin plate-like composite panels with patched cracks using a
finite element method (FEM). They showed that flutter performance could be improved by
isotropic patching. The flutter characteristics of 2-D delaminated composite panels at high
supersonic Mach numbers were investigated by Shiau [2.157] and concluded that the presence of
a delamination decreases the flutter boundary. A finite element method was also employed to
investigate the free vibration and supersonic flutter analysis of arbitrary damaged composite
panels [2.158], The FEM employed 48 degrees of freedom (DOF) general plate element and used
the classical lamination theory, microstructural continuum damage theory and linearized piston
theory. Finite element results were obtained to illustrate the effect of damage on the eigenvalues
and flutter boundaries. The results obtained further indicated that damage had a strong influence

on both free vibration and flutter boundaries.

2.6.6 Flutter in compressibleflow

With the advent of active control technology for flutter suppression and gust load alleviation,
and with the increasing need for evaluating the time-dependent subcritical aeroelastic response of
lifting surfaces, the time domain representation of unsteady aerodynamic loads becomes a
necessary prerequisite toward achieving these goals [2.159]. This is in contrast to the flutter
instability analysis in which context a frequency domain formulation is required. The accurate
modelling of the unsteady aerodynamics plays a key role towards approaching the aeroelastic
problems. By definition, an indicial function, also called indicial admittance, is the response to a
disturbance generated by a step function [2.152], The unsteady lift and aerodynamic moment in
time and frequency domains in the compressible flight speed range are obtained by using the
pertinent aerodynamic indicial functions. As is well-known, if the indicial function can be
determined, then by using Duhamel superposition principle, these can be applied toward
determination ofthe aerodynamic lift and moment in time or frequency domain, for any arbitrary
variation in angle of attack (@) and/or inflow velocity. The representation of the unsteady

aerodynamic loads in the time domain is necessary toward determination, in the subcritical flight
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speed regime, of the dynamic response of aeroeclastic systems exposed to arbitrary time-
dependent pressure pulses. In addition, when a feedback control system is implemented, this
representation of aerodynamic loads is essential toward determination of its closed-loop
aeroelastic response [2.160]. In this context, both the open and closed loop dynamic responses of
the aeroelastic system can be analysed. On the other hand, the representation of aerodynamic
loads in the frequency domain is necessary toward determination of the flutter instability
boundary [2.159], Also, since the aircraft design is primarily based on the principle of thin-
walled beams, it is desirable to investigate the aeroelastic instability and aeroelastic response
directly within the framework ofthin-walled beams [2.161].

Marzocca ef al. [2.160] investigated the subcritical aeroelastic response of2-D lifting surfaces
in an incompressible flow field to gust and explosive type loadings, including that due to a sonic-
boom pressure pulse employing the concept of the indicial functions to determine the unsteady
aerodynamic loads for a 2-D lifting surface in various flight speed regimes that include the
compressible subsonic, linearized transonic, supersonic and the hypersonic ones. In a later work,
unified approach enabling one to obtain the unsteady lift and aerodynamic moment in the time
and frequency domains for 2-D lifting surfaces was developed - the concept of the indicial
functions was employed to determine the unsteady aerodynamic loads for a 2-D lifting surface in
various flight speed regimes that include the compressible subsonic, linearized transonic,
supersonic and the hypersonic ones [2.162]. Validation of the aerodynamic model, obtained by
comparing the indicial aerodynamic functions with the ones based on other unsteady
aerodynamic theories showed an excellent agreement. Moreover, the predictions of the
subcritical aeroelastic response in subsonic compressible, transonic, supersonic and hypersonic
flight speed regimes to external pulses, based on the aerodynamic models developed [2.162],
revealed an excellent agreement with the ones generated via the application of other
aerodynamic theories. The numerical simulations assessing the versatility of this approach
enabled the researchers to treat both the subcritical aeroelastic response and flutter instability.

Plate-beam model has been used for investigating the implications of warping restraint and
transverse shear on the static divergence, and flutter of aircraft wings [2.161], Lately, the
problems of aeroelastic instability and dynamic aeroelastic response of advanced aircraft wings

modelled as anisotropic composite thin-walled beams in compressible subsonic flow and
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exposed to a sharp-edged gust load have been approached using a unified approach. It was
claimed that warping restraint effect had to be considered in the structural model of composite
aircraft wings. Compared with the warping restraint effect, the influence of transverse shear
appears to be much less significant. In yet another development, aeroeclastic model was
developed toward investigating the influence of directional property of advanced composite
materials and non-classical effects such as transverse shear and warping restraint on the
aeroelastic instability of composite aircraft wings [2.163].

As addressed earlier, for the prediction of aeroelastic response in the compressible flow it is
necessary to express the lift and moment via the proper indicial functions expressed in time
domain. For flutter problem in the subsonic compressible and supersonic flight speed regimes, an
analogous procedure based on the generalized counterparts of Theodorsen’s function for these
flight speed regimes can be used [2.163], Also, simple harmonic motions are normally
interpreted as the forces on the imaginary axis in the complex m-plane, Vepa’s matrix Pade
approximants of the aerodynamic forces, have been widely used in aeroelastic analyses [2.163-
2.165]. Edwards [2.164] used the classical theories of Theodorsen and of Garrick and Rubinow
for 2-D lifting surfaces, and obtained the corresponding m-domain solutions for incompressible
and supersonic flows. Ueda and Dowell [2.165] have generalized their doublet lattice method to
the cu-domain for 3-D subsonic lifting surfaces and developed a simple method for calculating
the unsteady aerodynamics on harmonically oscillating thin wings in subsonic compressible

flow.

2.6.7 Flutter control via neural networks

There exists a great anticipation that artificial neural networks, once properly trained, can be
used to significantly speed up the design and analysis process of aerospace systems by allowing
rapid trade analysis as well as quick evaluation of potential impacts of design changes. However,
training time is has not been generally included in this assertion [2.166]. It is envisaged that the
training of networks can be done autonomously during off hours, so that they are made available
to the designer/analyst when required. Nevertheless, there are certain drawbacks associated with

neural networks that need to be addressed. These include the time-consuming nature of the
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training process, training difficulties, such as optimisation problems, and a lack of a meaningful
way to establish network accuracy.

One of the main advancements in neural networks (NN) approach is the match-point solution
for robust flutter analysis. The computation of robust flutter speeds presents a significant
advancement over traditional types of flutter analysis. In particular, p-method analysis is able to
generate robust flutter speeds that represent worst-case flight conditions with respect to potential
modelling errors. Robust flutter speeds may be computed using a model formulation that has
been previously presented but the formulation has limitations in its ability to generate a match-
point solution. Of late, a model formulation has been introduced for which p-method analysis is
guaranteed to compute a match-point solution that is immediately realized by analysing a single
model thus reducing the computation time significantly eliminating the normally required
iterations [2.167]. The proposed model was claimed to be able to consider parametric uncertainty
in any element. The match-point formulation is derived by properly treating the nonlinear
perturbations and uncertainties that affect the equation of motion - the aerostructures test wing
was used to demonstrate that the p-method analysis computes match-point flutter speeds using

this new formulation.

2.6.8 Flutter analyses o factively controlled composite structures

Smart structures sense external stimuli, process the sensed information, and respond with
active control to the stimuli in real or near-real time. A response can consist of deforming or
deflecting the structure or communicating the information to another control centre. Smart
materials deform or deflect the structure by changing their physical properties when subjected to
electric, magnetic or thermal loads. An extension of this is the intelligent, self-healing vehicle
whose built-in redundancy and on-board self-inspection detects damage and responds with
autonomous adjustments and repair. Further, smart structures may be time-variant and non-
linear. It is a challenge to control such structures. Conventional active controller design methods,
e.g., eigenstructure assignment and optimal control, require accurate mathematical models. But
accurate models are almost impossible for smart structures, because of non-ideal behaviour,

simplifications in modelling, manufacture error, parts wear, and environment change.
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In this case, adaptive control may be an attractive alternative. There are two radically different
adaptive control approaches: (i) adaptive feedback control and (ii) adaptive feedforward control.
Adaptive feedforward control was originally used for noise control and then extended to
vibration control. Up to now, it has been studied in large space structure control, civil structure
vibration under seismic or wind excitation, helicopter vibration control, wing flutter suppression,
and vibration reduction for automobiles [2.168, 2.169]. Its recursive capability makes it very
suitable for digital signal processors (DSP). In the meantime, the rapid development of digital
signal processors also expedites the application of this technology. However, adaptive
feedforward control is not available to control the higher harmonic components in responses.
This isjust because the reference signal does not correlate with the higher harmonic components
in these responses. In order to solve this problem, one idea that has been proposed is to introduce
a non-linear functional block into the adaptive feedforward control strategy [2.169]. This non-
linear functional block must be able to receives an input reference signal that only contains the
fundamental component and its output contains both the fundamental and higher harmonic
components, i.e., it can non-linearize the reference signal.

It is ironic that although much work has been carried out to study the fundamental problems in
smart structures, there have been few experimental demonstrations of such active solutions,
because the control algorithms are complex and require a significant processing power so that the
signals can be calculated in real-time. Previous simulation work has indicated that the computing
resources required for addressing the main problems are considerable, and hence attempts have
been made to make major simplifications. Normally, this means that the modelling orders cannot
be too high, and only the dominant modes can be included so that the computing resources are
reduced; however, this inevitably leads to degradation in the accuracies that are achievable in
practice. In control applications, model reduction is vital in order that real-time performances can
be achieved especially in direct digital control (DDC) situations coupled with good overall
accuracies. Published work in this area is rather scarce, since even with the reduced order models
effective on-line control is difficult because uni-processor systems cannot achieve real-time
performances. But such works are beginning to appear. Most recently Virk and Al-Dmour
[2.170] successively demonstrated a good way of reducing the dimensionality of the control

problem by deleting the modes that were the least controllable and observable dependent on
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system configuration, i.e. the precise locations ofthe sensors and actuators. It was shown that the
accuracy demanded by the nature of the problem needs to be balanced with the real-time data
throughput that is practically achievable by the computer system available to perform the
processing. Clearly, this trade-off need to be resolved for each situation but having a network of
processing elements will increase the number of operations that can be performed, and hence

lead to better solutions, assuming the parallel solutions are efficient.

2.7 Summary of the literature review

Aerospace industry is likely to be the main beneficially of the polymer nanocomposites
developments as the nanotechnology evolves. Often the aerospace applications demand high
performance materials durable for an extended period of time in volatile climatical conditions
that traditional composite materials may struggle to meet. The literature survey revealed some of
these expectations. It is well beyond any doubt that polymer nanocomposites (PNC) portray
superior characteristics that can be tailored to meet most of these specific requirements.
Nevertheless, nanotechnology is still in its early stages, only around a decade old, and there lays
a lot of challenges ahead to procure the quality assurances for safe and economical applications
before its full engagement in aerospace. Some applications are beginning to appear, nanotubes-
manufacturing method is gearing towards mass production hence lowering the overall costs,
macrostructures are gradually establishing, regulations and standardization procedures are being
developed. Thus, the impetuous for the growth of the polymer nanocomposites is finally gaining
its grounds. Although this literature review concentrated mainly on free vibration, beam
modelling and aeroelastic tailoring of composite beams, remarkable work has also been carried
out in other aspects of composite beams. Amongst them is on the active control (artificial
intelligence) of the composite wings, which is a really break through in the utilisation of
composite structures. Others works include delamination, development of new materials, wind
tunnel model testing, computer modelling, advanced analysis and air-crashworthiness, just to
mention a few. In this work, the aeroelastic characteristics have been addressed and associated
effects on real life aircraft wings accounted for. The potential of composites is reflected by the
capability to idealise the structures. The phenomenon is without doubt overwhelming and

warmly welcomed by the aerospace industry.
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2.8 Scope of the present investigations

The present investigation involves polymer science, sandwich beams, laminated composite
beam modelling, buckling analysis, free vibration analysis and aeroelasticity. In the following
Chapters, PU and PANI key properties (mainly mechanical and thermal properties) are
investigated independently. = Samples of PANI and PU are prepared and tested using
spectroscopy, microscopy, TGA and mechanical testing. PU/PANI conducting thermoplastic
elastomers with good mechanical properties and processability are synthesed combining the
beneficial properties of the two polymers i.e. tensile strength, thermal properties and
compatibility. The computational and experimental investigations reported herein verify
associated technological issues without undermining the outlined compatibility difficulties for
such systems, as mentioned in the literature review. In the next stage of this development, an
advance PU/montmorillonite (MMT) nanocomposites is prepared and characterised to
demonstrate the special properties featuring in the literature review.

The follow-up work focuses on rigorous formulation of aircraft structures. The first part is
theoretical in which a refined theory based on advanced dynamic stiffness theory for a three-
layered sandwich beam is developed in order to investigate its free vibration characteristics. In
this new development all three layers of the sandwich beam are assumed to behave according to
the Timoshenko beam theory. A significantly improved model is realised. The focal point of'the
follow-up research is the experimental measurement of the free vibration characteristics, namely
the natural frequencies and mode shapes, of sandwich beams by using an impulse hammer kit
and associated computer software. In order to achieve this, a number of specimens of three-
layered sandwich beams are manufactured using rubber as the core and aluminium and/or steel
as the face materials.

The structural rigidities (static) need to be known in advanced stage for any composite wing
design. This forms the next step of this thesis. Using classical lamination theory, the
development leads to the establishment of the cross-coupling parameter, which is defined as a
measure of bending-torsion coupling present in a structure, thus establishing trends, generalising
the results and also underpinning the aeroelasticity of composite wings. Buckling analysis is

carried out to confirm the wing stiffnesses. Simultaneous flexure and twist in a composite
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column, caused by both geometric and material coupling terms, which are usually present in
thin-walled cross-section are studied. After the properties evaluation, the composite wing can be
safely applied to the real design. Therefore in the next phase, beams with cantilever end
conditions are examined in detail for their free vibration characteristics. This is directly relevant
in the context of composite aircraft wings. In particular the effect of the ply angle (0) on the
natural frequencies and mode shapes of composite beams are studied. The results highlight
interesting features. Additionally, flutter analysis of composite wings is carried out. Additional
insights have been gained into the composite wing flutter characteristics and to further
understand the phenomenon better. The ply angles are varied to study the effects of ply

orientation on flutter speeds as applicable to unswept and sweptback aircraft wings.
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3 Synthesis of polyurethane and polyaniline thermoplastic elastomers

3.1 Introduction

The potential usage of conducting polymer blends includes electro-chromic and electro-optical
devices, packaging materials, actuators, batteries, and catalysis. Such elastomers may also have
applications as rollers used in electrostatic imaging, cables, EMI-shielding gasket materials, and,
potentially, chemical and/or biological sensors [3.1-3.3]. Conducting polymers such as
polyaniline, polythiophene and polypyrrole exhibit excellent electrical conductivities and
outstanding thermal stability, while their chemical solubility and mechanical properties are poor
leading to a reduced processability. To overcome these difficulties most research efforts found in
the literature was focused on the chemical functionalization of such conducting polymers and on
composites of conducting polymers with elastomers, with thermoplastic polyurethanes being one
of'the most important groups of materials. In the case of conducting polymers, the objective is to
prepare polymeric materials with good mechanical properties and improve processability
associated with high conductivity or electrochromism [3.4, 3.5]. Conductive polymers may be
synthesised by any one or combination of the following techniques: chemical polymerisation,
electrochemical polymerisation, photochemical polymerisation, metathesis polymerisation,
concentrated emulsion polymerisation, inclusion polymerisation, solid-state polymerisation,
plasma polymerisation, pyrolysis or soluble precursor polymer preparation [3.5, 3.6]. The
incorporation of functional groups (e.g. carboxylic, sulfonic, phosphonic groups) in the
polyurethanes (PU) backbone, able to react further covalently or non-covalently, leads to PU-
ionomers with the improved characteristics such as adhesion, dyeability and ionic conductivity
or polymers with special properties like haemocompatibility, polymers with shape memory
effects and non-linear optic properties. It can be demonstrated that these polymers could be
highly promising for many technological uses because of their chemical versatility, stability,
processability and low cost. PU conducting composite/blends can be prepared in either chemical
or electrochemical techniques with the aim of preparation for new materials combining

synergistically the properties of the blend components.
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Polyurethane thermoplastic elastomers are extremely chemical resistant for use in the harshest
environments whereby specially formulated PU meet unique requirements that are necessary for
electronic and other material engineering applications. Of great importance, PU is a unique
material that offers the elasticity of rubber combined with the toughness and durability of metal.
It is composed of a polyether or polyester soft segment and a diisocyanate-based hard segment, is
a well-known tough material and is usually used as an additive to enhance toughness of brittle
materials as well as thermal properties [3.1-3.3], The most common diisocyanates are presented
in Table 3.1 (below) along with that of schematic representation of segmented PU - see Scheme
3.1 below. Because of the incompatibility between the hard segments and the soft segments, PU
undergoes microphase separation resulting in a hard-segment domain, soft-segment matrix, and
urethane-bonded interphase. The hard-segment domains act as physical cross-links in the soft-
segment matrix. The primary driving force for phase separation is the strong intermolecular
interaction of the urethane units, which is capable of forming intermolecular hydrogen bonds.
Owing to such interactions, interconnected or isolated hard segments remain distributed in the
soft segment matrix, though the soft domain may contain some hard segments dissolved in it,
which is evident from the hydrogen bonding ofthe urethane-NH groups with the oxygen of the
ether or ester linkages [3.3], These kinds of PU are utilized mainly as water dispersions
(coatings, adhesives) and also as biomedical devices, temperature-sensing elements, polymer

electrolytes, etc.
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Scheme 3.1  Schematic structure of segmented polyurethane |3.3|.
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Table 3.1  Structure and molecular masses of selected diisocyanates.

Conducting o
Structural formula Conductivity (S/cm)
polymer

10 9- 105

Polyaniline )
- /n

Polypyrrole

200
Polythiophene

500
Poly-p-phenylene

105

Polyacetylene

In the case of conducting polymers, the objective is the preparation of polymeric materials with
good mechanical properties and processability associated with high conductivity or
electrochromism. Polyaniline is one of the oldest conductive polymers known. Polyaniline
(PANTI) is one of the most investigated conducting polymers, due to its easy synthesis and good
conductivity. However, its intractability resulting from the stiffness of the backbone and

hydrogen-bonding interaction between adjacent chains limits not only industrial applications.
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Electrically conductive polymers (ECP) are able to conduct electricity because of their
conjugated n -bond system, which is formed by the overlapping of carbon ~--orbitals and
alternating carbon-carbon bond lengths. In some systems, such as polyaniline, nitrogen "--orbitals
and C-rings are also part of the conjugation system. The conjugated double bonds permit easy
electron mobility throughout the molecule because the electrons are delocalized. Delocalization
is the condition in which n-bonding electrons are spread over a number of atoms rather than
localized between two atoms. This condition allows electrons to move more easily, thus making
the polymer electrically conductive. PANI exists in three forms of oxidation states:
leucoemeraldine (fully reduced or only benzenoid amine structures), emeraldine (neutral or
partially reduced and partially oxidized), and pernigraniline (fully oxidized or only quinoid jmine
structures). The emeraldine-based (EB) form of PANI was used for this research because only
doped EB PANI is conductive among the three-oxidation states. The emeraldine-based form of
PANI is also the most stable of the three states because leucoemeraldine is easily oxidized when
exposed to air and pernigraniline is easily degraded.

Furthermore, PANI is the only conducting polymer whose electrical properties can be
controlled suitably by charge-transfer doping and/or protonation. Due to its reversible
electrochemical response during anodic oxidation and cathodic reduction, it is useful as a
secondary electrode in rechargeable batteries and electrochromic display devices. However, two
major limitations of conducting PANI are an inability to process it by conventional methods and
its poor mechanical properties. These limitations can be overcome by preparing conducting
PANI blends and composites, which possess the mechanical properties of the insulating host
matrix and the electrical properties of'the conducting PANI guest [3.4, 3.7]. Recently, PANI has
been found to exhibit unusual chemical, electrical, and optical phenomena, both in insulating and
conducting forms. Incorporation of conductive PANI into a hosting polymer substrate forming
interpenetrated networks (IPN) has been a newly adopted method as an approach to combine
electrical conductivity of PANI with desirable mechanical strength of insulating polymers. These
unique properties make PAN! useful in many applications, particularly in energy storage,
electronics, photovoltaic devices, displays, and sensors, antenna material in cellular phone, as an
antistatic paper roller in a printer, and as a fragile, preventive wrapping bag for packing

electronic products [3.5], The unique properties have led to an interest in the potential use of
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PANI as a new class of conductors. This interest was generated due to the relative ease of
synthesis, low cost, and the stability of PANI in air. In spite of all, the insulating form of PANI,
polyaniline emeraldine base (PANI-EB), suffers from limited solubility in organic solvents. This
difficulty was recently resolved by Cao et al. [3.8] by functionalising the dopant counter-anion
with polar and non-polar analogs to increase solubility in organic solvents. The aniline polymers
are also on beam light because of their environmental stability, controllable -electrical
conductivity and interesting redox properties associated with the chain nitrogen. These polymers
also exhibit crystallinity and solution- or counterion-induced processability.

In much ofthe research done in PU/PANI blends, it has been found that the intrinsic properties
of the components of the blends are different from the primary polymers. Sometimes, the
properties are enhanced but for the most part, they were diminished. In this chapter, the
investigations reported are designed to explore the key characteristics for PU and PANI
independently. This work paves way into further investigations to exploit the unique properties
for technological considerations. The computational and experimental investigations reported
herein verify these beneficial issues without undermining the outlined compatibility difficulties

mentioned earlier on.

3.2 Experiment

3.2.1 Materials

For synthesis of segmented polyurethanes, partially polymerised 4,4'-diphenylmethane
diisocyanate (MDI, 31% of free isocyanate groups in relation to the pure diisocyanate) (Zachem
Bydgoszcz, Poland) and 1,6-hexamethylenediisocyanate (HMDI) (Aldrich),
polyoxypropylenediol (POPD, M=750, Rokita S.A., Brzeg Dolny, Poland), 1,2-propanediol (PD)
(POCh, Gliwice, Poland) or 3-chloro-1,2-propanediol (CPD) (Aldrich), and I-allyl-2-
methylimidazole (catalyst) (Zachem) were used. Ethyl acetate (POCh) was purified by
distillation and used as a solvent during polymerisation. Aniline (POCh Gliwice, Poland) was
distilled under nitrogen prior to use; ammonium peroxydisulphate (POCh Gliwice, Poland) was

used without further purification.
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3.2.2  Preparation for polyurethanes

Segmented polyurethanes were prepared by a two-step (prepolymer) method, according to the
general procedure: isocyanate and polyoxypropylene glycol were reacted at 65 °C for 2 h in a
temperature-controlled reactor (Figure 3.1). The resulting prepolymer was dried under vacuum,
and then subjected to further polymerisation with a mixture of diols in the presence of catalyst
(0.5 wt.%). The reaction time was 30 min. The second set of polyurethanes were prepared by a
one-step method (Figure 3.2), according to the general procedure: into a thermostated reactor
first put isocyanate (MDI) and solvent (ethyl acetate); next, a mixture of diols (POPD and low-
molecular chain extenders: PD or CPD) with catalyst was added dropwise under mixing within
30 min; temperature of the exothermal polyaddition did not exceed 60 °C. The obtained highly
viscous polymer was placed into an open mould and dried for 7 days. Figure 3.3 and Figure 3.4
illustrates the experimental set up while Figure 3.5 shows the vacuum drier used throughout the

experiments.
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Isocyanate

Figure 3.1  Schematic diagram showing the synthesis of PU films through two-step (prepolymer) method
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Isocyanate
Solvent (ethyl acetate)

Figure 3.2  Polyurethane synthesis through one-step (prepolymer) method
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Figure 3.3  Diagrammatic set up of the synthesis of PU thermoplastic elastomers
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Figure 3.4  Typical experimental set up for the synthesis of PU, PANI, PU/PANI and PU/MMT

thermoplastic elastomers (top) and a selection some of the test equipment (below) used in the experiments
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Figure 3.5  Vacuum drier used for the experiments

3.2.3 Preparationforpolyaniline

Polyaniline was synthesized by chemical oxidation in an acidic medium following a previously
described procedure [3.9]. In a typical synthesis (Figure 3.6), Camphor sulfonic acid doped
polyaniline (PANI-CSA) at doped ratio of 2:1 - of two CSA molecules in one PANI repeating
unit - was used. A mixture of m-cresol-chloroform (1:9) was used as the spreading solvent. The
concentration of PANI-CSA solution was 1.0x10 3 g/ml. The substrates used in this work were
all CaF2 that had been pretreated by ultrasonic cleaning, sequentially with CHCI3, C2HsOH and
H20 for 20 min. The casting film was prepared by adding the PANI-CSA solution on the
substrate drop by drop. Surface pressure-mean molecular area isotherm determination and
multilayer LB film deposition were carried out using KSV~-5000 system. Deionized and double

distilled water (pH 6.5) was used as the subphase.
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Aniline 1.5MHC1

Figure 3.6 Schematic diagram showing the route for the synthesis of PANI films
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3.3 Characterisation techniques

3.3.1 Thermogravimetry (TG)

Thermogravimetric analysis (TGA) for PU was performed on a Netzsch TG 209 thermal
analyser, operating in a dynamic mode at a heating rate of 10 Kmin": or in an isothermal mode
for 150 min. The conditions were: sample weight - ~ 5 mg, atmosphere - argon, open (X-Al203
pan. Thermogravimetric analysis of PANI was performed on a Derivatograph-C thermal
analyser, operating in a dynamic mode at a heating rate of 1, 2.5, 5 and 10 K/min. The conditions
were: sample weight - ~ 10 mg, atmosphere - argon or air, reference material - AI2O3. The raw
data were converted to ASCII fdes and kinetic analysis was carried out using an in-house
program and a Netzsch Thermokinetic Program (v. 6.65) on a Hewlett-Packard HP 486 Vectra
computer.

Thermogravimetric analysis coupled with Fourier transform infrared spectroscopy (TG-FT1R)
was carried out using a Mettler-Toledo TGA/SDTA 851 thermal analyser (heating
rate=20 K min-1, sample weight ca. 2 mg, nitrogen flow=50 cm3 min-1) and a JASCO 610 FTIR
spectrometer. Thermogravimetric analysis coupled with mass spectroscopy (TG-MS) was
performed with a TA Instruments DTA-TGA 2960 SDT and a Balzers ThermoStar quadrupole
mass spectrometer at a heating rate of 20 Kmin-1 under helium atmosphere (flow
rate=100 cms3 min-1). Sample mass was ca. 3 mg. The mass spectrometer was connected to the
thermobalance via a capillary coupling. The ionising voltage of the crossbeam electron impact

ionisation source was 70 eV.

3.3.2 Gel Permeation Chromatography (GPC)

Molecular weight was determined by GPC performed at 25 °C using a Knauer 64 GPC system
with a refractometric detector and two PL-Gel Mixed-E columns. Tetrahydrofuran (THF) was
used as the eluent at a flow rate of 0.8 cmg min-1, and sample concentration was 5 mg cm-3.
Polystyrene standards (Waters) were used to construct a calibration curve. GPC data were
processed using the CHROMA program to calculate average molecular weights, Mn and Mw, as

well as polydispersity coefficient,/
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3.3.3  Fourier Transform infrared spectroscopy (FTIR)

FT-IR spectra were recorded on finely ground dispersions of PU samples in spectroscopic
grade KBr by using a BIORAD FTS 165 spectrometer, operating in the spectral range of 4000-
400 cm'lL

3.4 Results and discussion

Conductive polymers have been the subjects of study for many decades as possible substitute
for synthetic metals. Many of these polymers, especially those with a conjugated 7-bond system,
often yield higher conductivity once having undergone the doping process. However, practical
uses of conducting polymers suffer because of their poor mechanical properties (such as strength
and processibility) that rarely meet industrial requirements.

By definition, PU elastomers, are polymers containing urethane groups (-NH-CO-0-), created
by reacting isocyanates with polyols and chain extenders. By varying the nature of these three
components, literally, thousands of different combinations of properties may be created. By
increasing the chain extender content (and therefore, the hard segments), the hardness, tensile
strength, and tear strength of PU consistently increased. Elongations at break generally decrease
with an increase in hard segments. Interestingly, resilience and compression set properties at
ambient and elevated temperatures appear largely unaffected by changes in hard segment
content. Polyurethane is a unique material with properties not found in other materials. Because
of'this, it lends itselfto designs in which other materials are unsuitable. It also can replace other

materials in existing applications at considerable savings because of its longevity.

3.4.1 Thermal study

3.4.1.1 Kinetic equations and models
In general, the thermal decomposition of solids (see models in Table 3.2) is a very complex
process even in the simple case ofthe reaction expressed by the stoichiometric equation

Asolid  ~ BSid "t Cgns (3.1a)
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The rate of reaction can be described in terms of two functions: the rate constant k(T) and the
type ofreaction f(a), thus:

da/dt = k(T)f(a) (3.1b)

where a is the degree of conversion, T the temperature in Kelvins.

By substitution ofthe Arrhenius equation, and rearrangement, the following equation results:

d(a)/f(a) = (A/p)exp(-E/RT)dT (3.2)

where E the activation energy, A the pre-exponential factor, and R the gas constant. This

equation is given for measurements with a constant heating rate (T = To+ pt).

Table 3.2 The basic kinetic models

Model Symbol f(a)

Phase boundary-controlled reaction (contracting area) R2 (1-ayye

Phase boundary-controlled reaction (contracting volume) R3 (1-a)yzs3

Random nucleation. Uni- molecular decay law FI (1-a)

Reaction n-th order Fn (I-a)n
Johnson-Mehl-Avrami IMA n(l-a)[-In(1-a)]Mn
Two-dimensional growth ofnuclei (Avrami equation) A2 2(-In(l-a)v2)(l-a)
Three-dimensional growth ofnuclei (Avrami equation) A3 3(-In(1-a)2/3)(1-a)
One-dimensional diffusion DI 1/2a
Two-dimensional diffusion D2 1/(-In(1-a))
Three-dimensional diffusion (Jander equation) D3 (B(1-a)2/3)/(2(1-(1 -a) 13))
Three-dimensional diffusion (Ginstling-Brounshtein) D4 3/2((1-a)"/5-1)

Using an approximation ofthe exponential integral in a form proposed by Doyle [3.10]
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Inp(x) =-5.3305 + 1.052x (3.3)

where x = E/RT.

It is possible to determine the activation energy of the thermal process by following
gravimetrically the decomposition of reactant at several different heating rates [3.11, 3.12] as
follows

Inp = In (AE/R) - InG(a) - 5.3305 +1.052x (3.4)

where

G(a) = In(AE/R) - Inp + Inp(x).

Eq. (3.4) generates a straight line when In(P) is plotted against 1/T for isoconversional
fractions, the slope of the line being equal to -1.052/R during a series of measurements with a
heating rate of p,...Pj at a fixed degree of conversion of a = ak The temperatures Tjk are those at
which the conversion a kis reached at a heating rate of Pr

Another isoconversional procedure, introduced by Friedman [3.12], uses its basis as the
following relationship

In(da/dt) = In f(a) + InA - E/RT (3.5)

which makes it possible to find the activation energy value from the slope of the line (m = -
E/R) when In(da/dt) is plotted against 1/T for isoconversional fractions.

In Eqns (3.1b) the term f(a) represents the mathematical expression of the kinetic model. The
most frequently cited basic kinetic models are summarized in Table 3.2. Non-isothermal curves
of a decomposition reaction must satisfy the kinetic equations developed for the kinetic analysis
of “n-th order reactions”, even if they follow a quite different mechanism. Results of
comparative studies lead to the conclusion that the actual mechanism of a thermal process cannot
be discriminated from the kinetic analysis of a single TG or DTG trace [3.13, 3.14], Besides,
both activation energy and pre-exponential factor, given in Eqns (3.2) are mutually corelated. As
a consequence of this correlation an apparent kinetic model instead of the appropriate one for a

certain value of apparent activation energy can describe any TG curve. Therefore, the kinetic
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analysis of TG data cannot be successful unless the true value ofthe activation energy is known

[3.15].

3.4.1.2 Thermal properties of polyurethanes

One of the few drawbacks of polymers with such complex morphology is their low thermal
stability and flammability governed primarily by the heat liability of the urethane groups is
dependent upon the substituents on these groups [3.16], The highest degradation temperature (ca.
250 °C) is observed for urethane formed from alkyl isocyanate and alkyl alcohol, followed by an
aryl isocyanate-alkyl alcohol combination (degrading at about 200 °C), an alkyl isocyanate and
aryl alcohol (stable up to 180 °C), and an aryl-aryl combination whose temperature limit is in the
120 °C range. Low thermal stability and flammability seriously limit the number of new
applications, hence, an extensive research has been performed to flame retard these polymers
[3.5, 3.17], One of the approaches is to incorporate an ‘additive’ or ‘reactive’ flame retardant
into polymer. The ‘additive’ flame retardant is physically mixed with the parent polymer either
prior to, during or right after polymerisation—there is no chemical bonding between the flame
retardant and parent polymer. The second group of flame-retardants, the ‘reactive’ ones, will
react with other monomer units by polymerisation, polycondensation or polyaddition reaction.
Since they are chemically bonded to the polymer backbone, bleeding and volatilising out of the
polymer are prevented, enhancing thus their action in comparison to the ‘additive’ ones [3.18].

Thermogravimetry (TG) results in dynamic mode showed that PU prepared in one-step
procedure described above is thermally stable up to 225 °C (7j0%) and the decomposition
proceeds in one step. It is noteworthy that the char residue for the samples is low which means
that vapour-phase process prevails over condensed-phase reactions. As it will be seen later,
vapour-phase reactions are investigated in detail by hyphenated thermal analysis-spectroscopic
methods. Results of TG analysis under isothermal conditions, displayed in Figure 3.7, show that
there are no unexpected thermal effects that occur when a sample is subjected to elevated
temperature for a given time. As such, investigations led to the thermal processes by dynamic
methods which evidently showed that introduction of CPD into the polyurethane structure results
generally in an increase ofthe DTGnex temperature; based on the PU decomposition process, one

can assume that CPD is preferentially located in hard segments— the thermal decomposition
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starts at hard phase where urethane groups (which are the less stable linkages in polyurethane
backbone) are mainly placed [3.19], Analysis ofthe data collected indicates that addition of more
than 20% of CPD does not increase the DTGnax temperature; it is probably connected with the
structural features of the multiphase PU morphology. Soft segments form a flexible matrix
between the hard domains that in turn provide physical cross-linking, a complex, phase-

segregated morphology can be observed that varies with the temperature [3.20],

Figure 3.7 Thermogravimetric profiles under isothermal conditions.

Next, in order to gain a deeper look into the mechanism of decomposition, TG analysis coupled
with FTIR was used. This technique allows the on-line identification of the volatile products by
providing continuous monitoring of the FTIR spectra. Stacked plot of the FTIR spectra of the

decomposition products is presented in Figure 3.8. CCF evolution that can be regarded as a
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measure of the rate of decomposition displays maximal intensity at 237 °C [3.21], Again, above
300 °C characteristic absorption bands of amines are present, but their intensity was found lower
for other samples of modified segmented PU. The obtained results have been confirmed by TG
analysis coupled with mass spectroscopy. The main decomposition fragments detected were:
CH= {m/z=14), CH3 (m/z=15), O (mlz=16), OH (m/z=\l), H20 (m/z=18), H30 (m/z=19), C2H=
(m/z=26), HCN (m/z=21), C2H4 (or CH=NH) (m/z=28), aldehydes (m/z=29, 43, 57), amines
(m/z=30, 44, 58), ethers (m/z=31, 45), Cl (m/z=35, 37) and CO02 (w/z=44), as observed in mass
spectrum of selected volatile products at 310 °C.

Evidence for diffusion control was observed and related to the appearance of certain products
above 250 °C which are not formed at lower temperatures. This was confirmed by observing the
effect of the thickness of the degrading polymer film on the characteristics of the reaction of
carbon dioxide formation under identical temperature conditions. The observations are in
agreement to Chambers et al. [3.22] and Grassie and Zulfigar [3.19]. Chambers et al. [3.22]
performed investigations of the thermal properties of 13C labelled MDI-based polyurethane and
found that HCN and all the other nitriles, generated during high temperature decomposition,
originate in the thermal fission of the aromatic ring, the nitrile-carbon being the 2-, 4-, or 6-
carbon of MDI. Grassie and Zulfigar [3.19] have suggested that based on the fact that weight
loss under nitrogen never catches up with that under vacuum it may be assumed that not only are
certain degradation products, which are volatile at degradation temperatures, inhibited by the
nitrogen from diffusing out of the polymer but that during their retention in the degrading

polymer they may undergo secondary reactions which generate non-volatile products.

3.4.1.3 Thermal properties of polyaniline

Thermal properties of polyaniline have been the subject of some recent studies [3.23, 3.24].
From the TG results it can be found that the degradation process of PANI proceeds in two or
three steps being attributed to the evolution of water, loss of dopants and eventually breakdown
of the polymer backbone. Some kinetic studies performed so far were, according to the author’s
knowledge, limited only to methods assuming a given order of reaction («). This rather simple
approach does not allow drawing any conclusions whether the condensed phase decomposition

exhibits fractional reaction order or ifthe (apparent) activation energy (Eqp is changing with the
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degree of conversion. Such an effect is often observed in reaction systems where factors limiting
the global reaction rate are either mixed together (diffusion - reaction) or of different internal
nature (e.g. 2D or 3D-diffusion) [3.25]. In this case each reaction pathway is described by

another activation threshold leading to changes in the global E value.
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Figure 3.8  Stacked plot of FTIR spectra taken during the decomposition.

Another interesting question concerns applicability of TG studies for providing some
information about the structure of PANI subjected to a controlled heating program. Up to now

the knowledge about the structure of PANI is rather little. There were some studies on the
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crystals of CIO4 and BF4 salts of “tetramers” and “dimers” of PANI [3.26] and on other PANI
forms but without a profound explanation [3.27, 3.28], More detailed investigations by X-ray
technique have revealed that two different crystalline forms of the emeraldine base and its
hydrogen chloride (HC1) salt occur [3.29]. The latter contains more crystalline phase (Xc =
~50%) with the crystalline domain length, L, equal to 30-70 A and the d spacings in the 2-10 A
range. Such dimensions ofthe crystalline domains exclude some methods whose resolution is not
high enough. For example, the measurement by differential scanning calorimetry (DSC) is
known to be sensitive to domain structures of the size range between ca. 25-30 nm [3.30, 3.31],
A more sensitive dynamic mechanical measurement allows a characterization of domains down
to ca. 15 nm. The CP/MAS BC NMR measurement of spin-lattice relaxation times permits an
analysis of domains with the sizes from a few angstrom to a few tens of nanometers, depending
on the use of the relaxation times of either in the rotating frame (i.e., Tlp) or in the laboratory
frame (i.e., T,) [3.32], In this sense, TG cannot supply direct crystallographic data, but is able,
through kinetic parameters, to provide valuable information about processes connected with
crystal’s decomposition.

For kinetic analysis, an advanced approach containing model-free evaluation of the activation
energy and nonlinear regression-based determination of the reaction function has been used.
Polyaniline, in form of emeraldine salt (conducting) and emeraldine base (nonconducting) are of
general formula - Scheme 3.2. Two forms ofthermal behaviour of polyaniline salts are reported
in the literature [3.1-3.3]. A two-step weight loss process is one type, in which, initially, water
escapes from the polymer chain (although the coevolution of other species such as free acids and
oxidant cannot be ruled out), followed by thermal degradation ofthe polymer salt. In a three-step
weight loss process the thermal degradation of PANI commences with an evolution of water,
followed by the loss of acid dopant, and finally complete degradation of the skeletal polyaniline
chain structure results. A similar type of thermal behaviour was also observed for other
polyaniline-based systems, such as poly(aniline-co-o-ethylaniline) [3.33], poly(o-chloroaniline)
[3.34], and poly(N-ethylaniline) [3.35]. Since the atmospheric reaction may remarkably

influence the degradation course it is logical to divide the discussion according to this parameter.
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NH40H HC1

Scheme 3.2  Repeat unit of PANI in the undoped, emeraldine base form (bottom) and the fully acid

doped, emeraldine salt form (top).

3.4.1.4 Thermal analysis in argon conditions

Thermogravimetric studies of PANI in its protonated form are carried out. A three-step weight
loss process can be observed, with the first step indicating a 3-5% weight loss at temperatures up
to 120°C. This step can be attributed to the loss of water molecules. The water evolution was also
observed in a different study using TG analysis coupled with FTIR [3.36]. The course of the
changes of the calculated value of activation energy by method of Ozawa-Flynn-Wall, plotted as
function of degree of conversion (a), was further investigated. Changes of £ indicate that the
probability of the overall degradation reaction proceeding according to the first order kinetic
scheme is rather low and non linear regression for finding the best model fit should be applied.

Test of the distinctiveness between the models (Table 3.2) yields data of several
approximations, with the best fit for an n,4order kinetic scheme. Fepdescribes the fit statistically

on the basis of F-test procedure. For the second step of acid dopant loss, it should be pointed out
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that the shape of the fit curve is strongly influenced by the A parameter in the Arrhenius
equation. The physical meaning of pre-exponential factor for the description of the kinetics of
thermal decomposition of solids is still a subject of debate [3.25, 3.37], There is a tendency
observed which pays more attention towards £, but this is only justifiable for the preliminary
kinetic analysis. The relationship between E and Ir/4, known as “kinetic compensation effect”,
add to the confusion if there is no proper choice of the model function describing the reaction
mechanism.

Polyaniline in its non-conducting, deprotonated form exhibits different thermal behaviour than
the conducting one. There are two distinct degradation steps; the second starts at app. 130 °C
onward and reaches its maximal rate at 210 °C. Friedman analysis yields £ data in function of a;
two distinct regions (plateau) are observed for 0<a<0.3 and 0.65<a<0.95. The area in between is
characterized through almost linear increase of £ from several to ~70 kJ/mol. Very low values
of E for the first degradation step indicate that there are only weak intermolecular forces, such as
Van der Waals, between the water molecules and polymer. For this degradation step, the D3
(Jander diffusion) model has been found to be the best theoretical approximation, whereby the
second step decomposition kinetics is governed by n-th order reaction model. On the basis of
these theoretical models it was possible to predict the thermal behaviour of the polymer for
extrapolated time of degradation both with respect to a and to the temperature. One should
however note that if a “short time” experiment is used for a “long time” extrapolation a certain
approximation in the model parameters might occur, particularly in the “far” temperature
regions.

The lander’s model belongs to the general class of shrinking interface models in which the
slower of the two principal processes (diffusion or chemical reaction) becomes the rate-
controlling process. In case of Jander’s model the diffusion process in form of gradual growth of
the product layer with instantaneous surface nucleation is rate controlling. The exponent n can be
used to predict the type of growth that the nuclei may follow. The term # is equal to the sum of
two variables such that n = b +y, where b relates to whether initiation occurs homogeneously or
heterogeneously, one or zero, respectively, while y relates to the dimensionality of nuclei growth,
and is equal to one (one-dimensional or rod-like), two (two-dimensional or disc-like) or three

(three-dimensional or spherical). In the physical terms defined by the Jander’s equation, n may
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be raised due to either a change in initiation due to back reaction (i.e. change in ) or due to a
change in the dimensionality of nuclei growth because of the possibility of products diffusing
away from the region of polymer they were formed, and then re-reacting (change iny). It should
be pointed out that predictions concerning the physicochemical nature of a degradation process
are completely not possible when the simple first order kinetics is applied - there is no

knowledge of'the model function.

3.4.1.5 Thermal analysis in air conditions

The reaction atmosphere is an important factor considerably affecting the degradation route of
a polymer, especially with respect to the practical out-doors applications. For protonated
polyaniline, the degradation course followed by TG analysis is characterized by a three step mass
loss. Up to temperature of 300°C there is a relatively small weght loss of app. 13-20%; above
this temperature one can observe a rapid degradation, which take place continuously to 500°C.
From the Ozawa-Flynn-Wall plot one can see a distinct plateau in the a range of 0.4-0.75,

corresponding to the second degradation step as shown on Figure 3.9.

Figure 3.9  Energy of activation (E) as a function of the degree of conversion of degradation process of

PANI in its emeraldine salt from under air calculated by Ozawa-Flynn-Wall method.
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The initial (negative) values of £ do not have any physical meaning and they were generated
because ofthe complex reaction mechanism consisting of competitive individual reactions in the
presence of oxygen. This can be attributed to the reaction of macroradicals with oxygen to form
hydroperoxides which themselves are unstable and will break down rapidly forming more free
radicals. According to the general Bolland-Gee mechanism, a macroradical is initially formed
which will then react with oxygen to form a peroxy radical [3.37], The peroxy radicals are
reactive and will extract a hydrogen atom either by an intra- or intermolecular process to
generate a hydroperoxide group and another macroradical site. The hydroperoxides will then
decompose resulting in the formation of alkoxy and hydroxy radicals, which in turn can react
with polymer backbone giving water molecules - Scheme 3.3 [3.37]. If the two processes of
water evolution, namely water expulsion from the polymer matrix and chemical reaction
according to polymer oxidation scheme, would run parallel, it would be extremely complicated
to choose between them. This is generally a serious problem of the kinetics of parallel-running

reactions.

POLYMER .o -> F- (Initiation)

p. + Q- > POr

POj+ PH — oo —> FOjH + P-

2P O H oo > PO +POr+H.0 (Chain Branchy!
PO jH ... e s > PO-+ OH

PH * OH oo, > P * HjO

3PQr — —_ - — > Inert. Predicts (Tetranaiion)

PQj # P* mwdHm*Fmem*d*> PO |P

2p- > pp

Scheme 3.3  General polymer oxidation scheme [3.37].

For 0.4<a<0.75 the best fit was found for D3 model (3-Dimensional diffusion of Jander type);
extrapolated thermal behaviour in form of a-¢ and ¢-T graphs (not shown) was investigated.

Comparing to the TG results of deprotonated vs protonated PANI, some differences can be

72



Chapter 3

outlined, especially by the first degradation step up to 130 °C. For protonated PANI, a
confirmation of a single-step reaction can be found on E-a diagram. In the a region 0f0.2-0.9 E
value is practically the same, app. 116-125 kJ/mol. The best model function was the D3 model,
followed closely by other diffusion-controlled processes - Table 3.3. The Jander equation has in
the past been applied to the reactions between solids, assuming a spherical shape of
reacting/diffusing bodies. Since the polymer examined in this study is a semi-crystalline one, it
can be assumed that the physical rather than a chemical process in the crystalline phase is the
driving force of the decomposition reaction. After evolution of water, a crystal strain occurs
which probably arises from the lattice defect sites, developed during polymerization. As the
crystals are heated, domains in pseudoorthorhombic order [3.38] begin moving relative to one
another. Further heating causes rapid readjustment, resulting in concurrent decomposition due to
dopant loss and shearing of aromatic groups past another. Then, once such strain is relieved, the
rates of decomposition begin to slow down. The lower the heating rates are, the longer times
have the crystals to anneal. The newly decomposed material, generated from strain induced
during the early decomposition stage now suffers from further strain occurring within the already
partially decomposed crystal. Therefore the rate of reaction again begins to increase until
destruction of the crystalline structure of the polymer accompanied by diffusion of gaseous
degradation products completes. Analysing the E value one can observe that E is remarkably
higher in an inert atmosphere than in an oxidative one. This is surprising if one would assume
degradation processes running only via a radical mechanism. But if there are other mechanisms

available, such as molecular or ionic ones, this would support the observation.

Table 3.3 Results of F-test of the distinctiveness between the models for deprotonated PANI under air

Model Fexp

D3 1.00
D4 1.39
D2 1,84
F2 2.29
Fn 2.49
FI 2.79
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Kinetic equations describing the behaviour of solid-state reactions incorporate variables that
provide some information concerning the mechanism of decomposition. From the results
presented one can see that the degradation process of PANI is a complicated phenomenon in
which chemical reactions or mass transport become rate controlling. In gas phase and in solution
kinetic studies where concentrations are physically definable, the experimentally determined
parameters such as the pre-exponential factor and the recation order may contribute information
regarding the reaction mechanism. In contrast, the term concentration in solid-state
decompositions cannot apply (with respect to reactant), hence interpretation of 4 and # loses its

traditional meaning.

3.4.2 Morphology and structural properties

Scanning electron microscopy (SEM) studies revealed a bead-string morphology, formation of
which for solution-polymerised systems involve three stages: (1) solvent disorientation, (2) slow
stress relaxation, and finally, (3) very slow transition from banding to a polydomain structure—
Figure 3.10 and Figure 3.11. Typical dimensions of hard segments are in the range of 2.5 to 15
nm [3.39]. The presence of chemical linkage between the hard and soft segments restricts the
phase structure to the microscale. Besides the thermodynamic factor, hard segment mobility,
system viscosity and hard segment interactions are the three controlling factors for the phase
structure formation [3.5, 3.40].

The domain morphology of the microphase-separated material has been studied with a number
of ‘model’ compounds such as diblock or triblock copolymers. In the case of ABA-type triblock
copolymers, both ends of each B block are chemically connected to other A blocks. Its mobility
is lower compared with the mobility of corresponding blocks in the AB diblock copolymers.
Such comparison helps in better understanding of the complex polyurethane heterogeneous
structure of hard and soft domains [3.41]. The hard segments are preferentially oriented in a
radial, rather than in a tangential arrangement. The decomposition route is strongly affected by a
pseudo-crosslinking effect resulting from the hard-segment aggregation. The hard-segment
domain generally exhibits a different degree of order or semicrystalline structure, which was
considered to be able to reinforce the hard-segment domain. Hence, the presence of an

amorphous region may constitute the weakest part inside the hard-segment domain.

74



Chapter 3

Figure 3.10 Micrograph (SEM) (x20000).

Figure 3.11  Micrograph (SEM) of (x40000)

Evidently, a relatively rough structure of polyurethanes containing CPD plays an important
role by inhibiting polymer-specific condensed phase-reactions. Some cooling and fuel-diluting
effects of the evaporated CCE or crystallized water push the heat- and light-emitting zone of the
flame further away from the pyrolysing polymer surface. This increased distance cut down heat
transfer. On the other hand, diffusion and that probably control the rate of evolution of volatile

products from the degrading polymer while they are retained in the hot zone, the primary
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products of degradation may undergo secondary reactions. It can be seen that the inerease of
CPD in the polymer's structure cawses an increase in the Limited Oxygen lndex (LEH} value,
However, no information on the burning process can be obrained trom LO] data onlv, so the
thermovision camera was used. L makes it possible to obtain temperature distribution during the
burning of a sample, which has the same dimensions as Tor the TOI test, thus making it possibie
to eompare data from both measurements, Representative resulls under (1) LOH conditions, or (2)

ambient condilions, are shown in Figure 3.12 and 3,13,
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Figure 3.12 Temperaiu re distribution during the araing weder LO] conditions,
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Figure 3.13  Temperature distribution during the burning under ambient conditions.

The values of E, determined by isoconversional methods, were dependent on a. This indicates
a complex kinetic scheme that need to be described by all three kinetic parameters (the Avrami
exponent, n, activation energy, E, and frequency factor, K). Such studies were performed and it
was found that the reaction atmosphere has a deciding effect on the mechanism of
decomposition. The 3-dimensional diffusion was found to be the rate-controlling process for all
the degradation routes except of protonated PANI under argon, which was governed by the n-th
order reaction model. On the basis of obtained information one can confirm the applicability of
kinetic analysis (using thermogravimetric data) for studying fundamentals of degradation
reactions. Main features of the thermal decomposition of a series of novel polyurethanes
containing 3-chloro-1,2-propanediol as a constitutional repeating unit in the main chain which
are inherently flame-retarded polymers have been investigated by means of hyphenated methods
(TG-FTIR, TG-MS)—it was found out that the main decomposition products are CCF, amines
and HCN.
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3.5 Conclusions

The recent technological interest concerns the studies on composites containing conductive
polymers and an inert polymer matrix. The potential usage of conducting polymer blends
includes electro-chromic and electro-optical devices, packaging materials, actuators, batteries,
and catalysis. Such elastomers may also have applications as rollers used in electrostatic
imaging, cables, EMI-shielding gasket materials, and, potentially, chemical and/or biological
sensors. A kinetic study on the thermal degradation of polyaniline in its base and salt forms was
carried out. The thermogravimetric profiles were of two or three step weight loss class,
indicating a typical degradation scheme with water evolution, dopant loss (in case of protonated
PANI) and polymer destruction. Correlation between the amount of chlorine in TPU and the
intensity of amines’ formation during the main decomposition step around 300 °C has been
presented. Based on the results obtained thermal decomposition route was suggested.

A relatively rough structure of polyurethanes containing CPD plays an important role by
inhibiting polymer-specific condensed phase-reactions. Some cooling and fuel-diluting effects of
the evaporated COz2 or crystallized water pushed the heat- and light-emitting zone of the flame
further away from the pyrolyzing polymer surface. This increased distance assisted in cutting
down heat transfer. On the other hand, the rate of evolution of volatile products from the
degrading polymer is controlled by diffusion and the primary products of degradation undergo

secondary reactions while they are retained in the hot zone.
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4 Synthesis and structural properties of polyurethane based conducting

thermoplastic elastomer

4.1 Introduction

Not too long ago, carbon based polymers were regarded as insulators and for this reason
plastics have been extensively used by the electronics industry. With the advent of intrinsically
conductive polymer or electroactive polymers, this perspective has changed in recent years
resolving into diversified applications ranging from biomedical, households and semiconductors
in electronics, to aerospace, either utilising conductive polymers conductivity or electroactivity.
For instance, taking aerospace as a measure of applications standards, conducting polymers have
found appliances in smart structures, electrostatic materials, antistatic clothing, conducting
adhesives, sensors and actuators, piezo-magnetic constrained layer damping and surface damping
layers in aircraft structures just to mention but a few.

Conducting polymers may store charge either via an oxidation process and it could either lose
an electron from one ofthe bands or it could localize the charge over a small section ofthe chain.
Localizing the charge causes a local distortion due a change in geometry, which costs the
polymer some energy. However, the generation of this local geometry decreases the ionization
energy of the polymer chain and increases its electron affinity making it more able to
accommodate the newly formed charges. This method increases the energy of the polymer less
than it would have if the charge was delocalized and, hence, it takes place in preference of
charge delocalization. This is consistent with an increase in disorder detected after doping by
Raman spectroscopy. A similar scenario occurs for a reductive process. As a matter of interest,
the extended rc-systems of conjugated polymer are highly susceptible to chemical or
electrochemical oxidation or reduction. These alter the electrical and optical properties of the
polymer, and by controlling this oxidation and reduction, it is possible to precisely control these
properties. Since these reactions are often reversible, it is possible to systematically control the
electrical and optical properties with a great deal of precision. It is even possible to switch from a
conducting state to an insulating state. However, polyaniline (PANI) is the only conducting

polymer whose electrical properties can be controlled suitably by charge-transfer doping and/or
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protonation. Then again, two major limitations of conducting polyaniline are an inability to
process it by conventional methods and its poor mechanical properties. These limitations can be
overcome by preparing conducting PANI blends and composites, which possess the mechanical
properties of the insulating host matrix and the electrical properties of the conducting PANI
guest polymer [4.1, 4.2],

Polyurethane (PU) possess unique physical properties that are derived from their molecular
structure as well as the supramolecular structure caused by specific interactions between the
polymer chains. The two-phase morphology of PUs as a result ofthe incompatibility between the
soft and hard segments primarily determines polyurethane properties. In addition, the segmental
distribution, flexibility and composition ratios of monomers, the chain entanglement and length,
the interchain forces and the crosslinking are all important parameters that influence the
properties and determine the use ofthe end-products of PU [4.3]. Segmented PUs are a class of
modern materials of commercial importance that are widely used, e.g. as automotive exterior
body panels, medical implants or flexible tubing, due to their outstanding mechanical and
thermal stability properties. They derive most of their useful properties from the incompatibility
of the hard segments (e.g. 4,4’-diphenylmethane diisocyanate (MDI) extended with short-chain
diols) and soft segments which are usually composed of long-chain diols. Scheme 4.1 shows the
decomposition products (including radicals) of chlorinated PU and Scheme 4.2 shows the

decoposition mechanisms of PU [4.4],
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Scheme 4.1 Decomposition products (including radicals) of chlorinated PU
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I. Dissociation to isocyanate and alcohol

O
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II. Formation of primary amine and olefin
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III. Formation of secondary amine
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Scheme 4.2 Decomposition mechanisms of PU

Due to the unique achievable properties, PU and PANI have called for a great research interest
in both academic and industrial fields [4.5]. In spite ofthis, basing on a quick literature review,
only a handful of works dedicated to PU/PANI elastomers appear to have been reported which
mainly deal with elastomeric films. One of the most important advantages offered by the

thermoplastics over new toughened thermosets in composites’ applications is the potential of
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lower cost manufacturing since these polymers are often processed at much lower temperatures
than their thermosets counterparts. Still relatively little efforts have been directed to PU/PANI1
thermoplastics. The poor immiscibility of the two polymers could be a contributing factor for
this reason. To mention but a few on PU/PANI thermoplastic elastomers, Yang and Lee [4.6]
reported on PANI polyacid complexes blended with water-based PU of different chemical
structures and claimed a good compatibility of the resulting blend. A different work by Wang et
al. [4.7] presented urethane-aniline block copolymers based on PU prepolymer and oligomers of
amine-terminated PANI. The amine-terminated functional groups of amine-terminated PANI
were introduced into the PU structure as a chain extender to form the hard segment of the
copolymer with urea-linkage. The presented results demonstrated good mechanical properties
that were attributed to induction of the long rigid rod structure of amine-terminated PANI into
the blend.

Taking these facts into account, this work prepared PU/PANI conducting thermoplastic
elastomers with good mechanical properties and processability associated with high conductivity
or electrochromism. This work therefore aims, at combining the beneficial properties of the two

polymers i.e. tensile strength, thermal properties and compatibility.

4.2 Synthesis methodology

One of the methods of preparation of conducting composites is the mechanical mixing where
the controlling factors for a good conductive composite are the sizes and uniformity of particles
as well as the efficiency of mixing [4.8, 4.9], Another way to prepare composites is the chemical
or electrochemical synthesis in organic solvents [4.10, 4.11]. Since the organic solvents may
cause environmental pollution, a trend to replace the organic solvents by supercritical carbon
dioxide or iodine is observed [4.12], These methods are briefly discussed here while further

insight can be sought elsewhere in the literature.

4.2.1 Chemicalprocess

PU-based conducting polymers matrices blends and composites can be synthesized via a

number of approaches. These synthetic methods for polymerisation can be mainly classified into
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chemical and electrochemical synthesis, the chemical approach being the most preferred route
mainly due to its simplicity and inexpensiveness in comparison to electrochemical synthesis.
Yet, for in situ spectroscopic studies, the electrochemical method is better suited as it holds
several advantages in that the synthesis is cleaner, conducting polymer blends and composites
are supplied in the form of freestanding films, and also that the electrical properties of the
composites can be modified by simply varying the conditions of electrolysis. However, it suffers
from the disadvantage that the size of the composite film prepared depends on the size of the
electrode. Further, an appropriate matrix polymer-electrolyte system should be available for the
penetration of'the ionic species (monomer and electrolyte) into the polymer matrix.

The chemical synthesis can be further classified into chemical in situ polymerisation,
counterion-induced processibility, melt processing, dry- and solution-blending, and, emulsion-
and dispersion polymerisation, while the electrochemical synthesis involves cyclic voltammetry,
potentiostatic- and galvanostatic polymerisation [4.13], The chemical in situ polymerisations
involve an intimate mixing of two components and are one of the useful methods for the in situ
polymerisation ofnew materials.

Likewise, counterion-induced approach produces attractive mechanical properties of the
polyblend materials as presented by Li et al. [4.13]. The properties of these polymer blend
materials may be contrasted with those obtainable using filled polymers, i.e. bulk polymers filled
with conducting particles such as carbon black or intractable particles of conducting polymers.
For polymer blends made by using the counterion-induced processibility of conducting polymer,
the conductivity increases continuously, at remarkably low levels, as a function ofthe fraction of
the conductive polymer complex. This may be compared with the known behaviour of filled
polymers, which exhibit a percolation threshold at a volume fraction of about 16%. The smooth
onset of conductivity in these polyblend materials indicates an unusual morphology with
connected pathways even at remarkably low volume fractions of the conducting complex. Since
the mechanical properties remain essentially equivalent to those of the host polymer, the
morphology normally consists of an interpenetrating network e.g. a presentation by Banerjee
[4.14] from studies on electrically conductive interpenetrating network composites of polyaniline
and carboxymethylcellulose. Counterion-induced processibility of conducting polymer has

created a class of stable and processible polymer blends in which the electrical conductivity can
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routinely be controlled from 10“'° S/cm to 100 S/cm in materials, bestowing advantages in
processing and with the mechanical properties ofthe bulk polymers.

Emulsion polymerisation of macromolecular conducting systems is a compartmental
polymerisation reaction - taking place in a large number of reactions locally dispersed in a
continuous external phase. The reaction is carried out in heterogeneous systems, usually with
both aqueous and non-aqueous phases. The monomer as well as the polymer usually belongs to
the non-aqueous phase. In inverse systems, water-soluble monomers are dispersed in a non-
aqueous medium. A typical emulsion polymerisation consists of 30% monomer, 65% water, with
the rest being emulsifier (surfactant), initiator and other additives. Emulsification initially results
in micelles swollen with solubilized monomer and surfactant-stabilized monomer droplets. As
the initiator decomposes, a new phase appears consisting of the latex particles, which contain
macromolecules of a fairly high degree of polymerisation swollen with monomer and stabilized
by the surfactant.

The advantage of compartmentalized polymerisation technique over other polymerisation
processes is that the molecular weight of the polymer can easily be controlled by the addition of
chain transfer agents; thus there can be control over the properties of the final product.
Dispersion polymerisation may be defined as the polymerisation of a monomer dissolved in an
organic liquid or water to produce an insoluble polymer in the form of a stable colloidal
dispersion. The colloidal stability of the resulting particle is provided by the adsorption of an
amphilic polymeric stabilizer or a dispersant, which is present in the organic medium on the
surface of the polymeric particles. Elence, this process may also be viewed as a kind of
precipitation polymerisation in which flocculation is prevented and the particle size is controlled.

Conducting and insulating polymers can also be dissolved in a common solvent and afterwards
processed into thin films, a process known as solution blending. In contrast, blending the
powders of polyaniline, polypyrrole, polythiophene etc. and the host polymer in a mixer may
prepare dry blends. While in melting process, the conducting polymer is dispersed in a
thermoplastic polymer matrix by mechanical mixing and then compression moulded in a hot
press. A major requirement for this process is that the thermal stability of the conducting
polymer should be sufficient to withstand compounding in the melt of the chosen polymer host.

For this purpose, the host polymer should possess a low melting temperature.
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4.2.2 Electrochemicalprocess

Electrochemical synthesis is cleaner and the polymer composite film can easily be peeled off
from the electrode and washed. Simply changing the electrolytic conditions can vary the
electrical properties of conducting polymer - insulating polymer films. By electro-oxidative
polymerising the conducting polymer on a non-conducting, mechanically superior polymer film-
coated electrode, a composite film having a high conductivity and the good mechanical
properties of the polymer substrate may be obtained. The advantage of the electrochemical route
is that the conducting polymer composite is obtained in the form of a freestanding film, which is
often needed for technological applications. In the electrochemical synthesis, the monomer, the
solvent and the electrolyte anion diffuse into the insulating polymer coating. As a result,
polymerisation starts in the interface between the electrode surface and the polymer film.

The electrochemical synthesis is generally accomplished by potentiostatic or galvanostatic
polarization. Alternatively, the synthesis may also be carried out by cyclic voltammetry, driving
the electrode potential between the limits of the monomer oxidation and reduction of the
synthesized electroactive-conducting polymer. For instance, in Csahok et al [4.15]
investigations, PANI was deposited on two adjacent or on all bands by electropolymerisation
from 0.2 mol/dnT aniline solution in 1 mol/dms HC104or H2=S 04 solutions, respectively, under
continuous potential cycling between -0.2 and +0.75 V (saturated calomel electrode) at a scan
rate of 100 mV/s. Here a platinum wire was used as a counter electrode, while the reference
electrode was a saturated calomel electrode (SCE). After polymerisation, the polymer-coated
electrode was rinsed with the supporting electrolyte solution that was used for the further
experiments. Before the in situ conductivity measurements, the films were oxidized and reduced
20-30 times by cycling in order to remove traces of aniline and oligomers. The total amount of
the polymer on the surface was determined from the area under the cyclic voltammetric waves in

a slow sweep rate experiment.

86



Chapter 4

4.3 Experiment

4.3.1 Materials

For synthesis of segmented polyurethanes partially polymerised 4,4’-diphenylmethane
diisocyanate (MDI, 31% of free isocyanate groups in relation to the pure diisocyanate) (Alfapur,
Brzeg Dolny, Poland), polyoxypropylenediol (POPD, M=2000, Rokita S.A., Brzeg Dolny,
Poland), 1,4-butanediol (1,4 - BD) (Aldrich), and l-allyl-2-methylimidazole (catalyst) (Zachem)
were used. Ethyl acetate (POCh) was used as a solvent during chain extend reaction. Polyaniline

was prepared by standard oxidation polymerisation method.

4.3.2  Preparation

Segmented polyurethanes were prepared by a two-step (prepolymer) method, according to the
general procedure: in three-necked flask, isocyanate and polyoxypropylene glycol were reacted
at 65°C for 2 hours - Figure 4.1. The obtained prepolymer was mixed with doped polyaniline
and subjected to further chain-extend reaction with diol in the presence of catalyst (0.5 wt. %).

The reaction time was 15 min.
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[socyanate
Polypropylene glycol

Figure 41  Schematic diagram showing the route for the synthesis of PU/PANI thermoplastic elastomer
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4.3.3 Characterisation techniques

43.3.1 Thermogravimetry
Thermogravimetric analysis (TGA) was performed on a Netzsch TG 209 thermal analyser,
operating in a dynamic mode at a heating rate of 10 Kmin": or in an isothermal mode for 150

min. The conditions were: sample weight - ~ 5 mg, atmosphere - argon, open (X-Al2O3 pan.

4.3.3.2 Mechanical measurements

Tensile properties were measured by a Zwick universal testing machine (model 1445) at the
crosshead speed of 25 mm/min as per ASTM D638. Mechanical properties were performed at
room temperature about 21°C, and for each composition about five specimens were tested, and

the average values have been reported.

4.3.3.3 Fourier Transform infra-red spectroscopy (FTIR)

FT-IR spectra were recorded on finely ground dispersions of PU samples in spectroscopic
grade KBr by using a BIORAD FTS 165 spectrometer, operating in the spectral range of 4000-
400 cm'l

4.4 Results and discussion

4.4.1 Mechanicalproperties

Table 4.1 displays the mechanical properties for the thermoplastics investigated. Interestingly,
certain percentages of PANI in the elastomer seems to have detrimental effects on the tensile
properties and the Young’s modulus (3% PANI) while enrichment are seen up to a surface
ceiling of 9% PANI content in the elastomer - below this point a decrease in tensile strength is
observed. It should be noted that since a lot of benzene rings exist along the segmented PU
backbone, the tensile strength of the elastomer is surprisingly higher than that of the neat PU.
Especially, the covalent-bonding and inter-molecular H-bonding between the aniline-oligomer
blocks and urethane blocks is thought to be one ofthe major contributions for the tensile strength
because those improve the compatibility between the blocks and therefore lead to the higher

tensile strength of the resultant elastomer. Thus, the hard-segment acts as not only the physical
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cross-links but also a reinforced rigid-rod fibre in the soft-segment matrix to strongly enhance
the tensile strength of the elastomer as a molecular composite. The higher the long stiff aniline-

oligomer blocks present in the block copolymer, the higher the tensile strength are observed.

Table 4.1 Properties for the thermoplastics investigated.

PU/PANI PANI E gtfgzgfh Elongation to break
0, 0,
samples (Wt.%) (MPa) (MPa) (%)
PI 0 225.82 11.41 34
P2 3 158.25 10.58 48
P3 6 279.26 11.99 33
P4 9 420.26 14.51 33
P5 12 356.8 13.14 25
P6 I(X) 113 ER] 113

From the published literature, researchers [4.16] have previously investigated the physical and
chemical-physical properties of the PU/PANI blends. As evidenced by differential scanning
calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA) characterization, the
introduction of EB or SPANI in the modified PU matrix enhances the hard-soft phase
segregation effect, because of'the strong tendency ofthe conductive polymer chains to aggregate.
Moreover, the EB and SPANI chains, grafted to the polyurethane backbone, acting as reinforcing
filler, gave rise, compared with the mechanical properties ofthe insulating matrix, to an increase
ofthe Young modulus and a decrease ofthe tensile strength.

In this thesis, however, it was additionally observed that the percentage elongation at break
was at its best at lower PANI content (3 %) in the elastomer. Above this percentage, the
elongation at break seemed to worsen with further increase of the percentage of PANI at the
expense of the Young’s modulus and the tensile properties. In fact, Jeevananda and
Siddaramaiah [4.17] have recently reported that addition of 2.5% PANI to PEi/PMMA IPN did

not affect its original tensile strength and that the tensile property increased with increase in
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PANI content above 2.5% addition, but percent elongation at break ofthe 1PN system decreased
with increase in PANI content (except with 2.5% PANI) showing a negative linear correlation.
Although not investigated, it was expected that any further addition of PANI above 12% to the
PU/PANI elastomer would lead to brittle sheet due to improper crosslinking. Such observations
have been noted in other PU conductive elastomers too. For instance, Diaconu et al. [4.18] noted
that tensile strength characteristics such as tensile stress and elongation at break decreased by
incorporation of the polypyrrole who related the effects to enhanced phase mixing by

electrostatic interactions ofthe PU cationomer with oxidizing agents and polypyrrole.

4.4.2 Thermal study

Thermal stabilities of PU and PU/PANI were evaluated by TGA in the temperature range of up
to 600°C under nitrogen conditions, as shown in Figure 4.1 for DTG against temperature and

mass loss against temperature depicted on Figure 4.2.

o4

200 300 400 500 600
Temp./C

Figure 4.2 The TGA traces under nitrogen conditions of PU and PU/PANI samples displaying the mass

loss against temperature
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Figure 4.3 The TG results under nitrogen conditions of PU and PU/PANI showing the DTG against

temperature

As expected, PU started to degrade at low temperatures (around 240°C) with the formation ofa
nitrogen-free residue and a nitrogen-containing yellow smoke. With increased temperature, the
residue was thought to further decompose to smaller compounds yielding nitrogen-containing
products like HCN and acetonitrile. Accordingly, research has already shown that the evolution
of nitrogen-containing compounds (acetonitrile, acrylonitrile, propionitrile, pyrrole, pyridine,
aniline, benzonitrile, quinoline and phenyl isocyanate) during the thermal decomposition of
polyurethanes [4.1, 4.2, 4.19]. (Also, Grassie and co-workers [4.20, 4.21] found that under inert
conditions at temperatures above 210°C the polyurethane linkage disappears without any volatile
products being formed, and the initial degradation step is seemingly a simple depolymerisation
reaction.) The two monomers are the primary products, and all the other products, which include
carbon dioxide, butadiene, tetrahydrofuran, dihydrofuran and water as volatile products and
carbodimide and urea amide in the condensed phase, are formed from the monomers in a
complex set of secondary reactions while they are diffusing from the hot polymer. The second
degradation, which is assigned to the thermal degradation or de-crosslinking ofthe thermoplastic

elastomers, occurred in the range of 330-400°C. Also, thermal degradation of PU/PANI showed
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that the DTG decomposition peak increased with an increase of PU content. PANI, is known to
undergo two-step weight loss, the first-step weight loss occurs in the temperature range 80-
260°C due to the loss of moisture and unbound dopant present while a major weight loss occurs
in the range 275-590°C corresponds mainly to the loss of bound dopant and main chain
degradation [4.4, 4.17], In this case, it is evident from Figure 4.1 (and Figure 4.2), that the
sample with high content of PANI (12%) had delayed degradation process as compared to the
rest of the samples. This is probably due to strong intermolecular bonds formed in the
thermoplastic elastomer. Additional effects may be caused by specific interactions between
phases via hydrogen bonding, connected with phase intermixing and dissociation-reorganisation
processes. Such a complex microdomain structure strongly influences the degradation route since
initial decomposition places are located at different microstructural levels. Additionally, the
exothermic heat from the burning process is fed back to the condensed phase, causing further
degradation to the polymer. The final weight loss occurs in the third stage in the range 400-

592°C, indicating the complete decomposition of PU and the elastomers investigated.

4.4.3 FT-IR spectra

In our experiments, the PU, PANI and PU/PANI elastomers were characterized by FTIR at
room temperature in the range 500-3700 cm'1to identify the absorption band in the elastomer. As
shown in Figure 4.3, the strong peaks around 3400-37500 cm”:1 in samples P2-P5 due to the
stretching vibration of N—H bond, a strong absorption peaks around 1521-1621 cm”i1and 1235
cm”1 from the stretching vibration of C=0 bond of the urethane, and a—NCO strong peaks
occurring at 2270 cm”1 These results are in agreement with Wang et al. [4.7] who carried
experiments on urethane-aniline block copolymer and similarly observed a strong absorption
peaks around 1700-1730 cm”1 and also at 2270 cm” L All ofthe PU/PANI FTIR spectra (P2-P5
in Figure 4.3) include a moderately strong peak at about 1521-1621 cm”1and 1235 cm”1 due to
the bond of urea as two peaks disappeared at 2270 cm” 1 and around 3400-3500 cm”1 are due to
the urea reactions of the —NCO group with the —NFU group of the OPA resulting in two
absorption peaks at 1015 cm”1 and 1495 cm”: from symmetric and asymmetric stretching
vibration of N-C-N in the resultant copolymers, respectively. It is acknowledgeable that in an

ether-based PU thermoplastic, the carbonyl groups exist only in the hard segments. Therefore,
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the relative absorbances of the two-carbonyl peaks should serve as an index of the degree to

which this group participates in the hydrogen bonding.

Figure 4.4 FTIR spectra of PU, PU/PANI and PANI samples

In addition, Carone et al. [4.16] covalently linked, by an amidation reaction, the terminal NH2
of emeraldine and sulfonated emeraldine to a free carboxylic group belonging to the repetitive
unit of functionalized segmented polyurethane. The reaction was carried out by activating such a
carboxylic group with N, N'-dicyclohexylcarbodiimide and N-hydroxysuccinimide. In the *H and
I3C NMR, UV, and FTIR studies, the reaction course and the chemical properties of the
polymers. The average numbers of emeraldine or sulfonated emeraldine aromatic rings per
polyether urethane acid repetitive unit, which cannot be assumed to be amidation degree because
at this moment the molecular weights of the inserted emeraldine and sulfonated emeraldine
chains were unavailable, were six in case of the polymer obtained from the pristine emeraldine
and one for that obtained from the sulfonated emeraldine. This result could be because
sulfonated emeraldine was used in the acidic form, which depresses the nucleophilicity of the
NH2 group because of the presence of the sulfonic protons. The p-conjugated ring orientation

has been studied and compared for PANI against polypyrrole (PPy) by Choi et al. [4.22],
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Srichatrapimuk and Cooper [4.23] and Goddard and Cooper [4.24] summarised band
assignments for the N-H region and the carbonyl region. Yoon and Han [4.2] observed the N-H
stretching of ester-based thermoplastic PL) from 3150 to 3500 cm'l, and that of carbonyl
stretching of ether-based thermoplastic PU from 1650 to 1800 cm"l The absorption bands at
2857 and 2960 cm"i is associated with symmetric and asymmetric CH2 stretching vibrations,
respectively, of the aliphatic CH2 groups in ester-based ester-based thermoplastic PU. However,
in the case of ether-based thermoplastic PU the absorption bands of CHt stretching vibrations

appeared at 2857 cm"1 (symmetric stretching) and 2940 cm"1 (asymmetric stretching).

4.5 Conclusion

The studies performed aim at combining the beneficial properties of the two polymers i.e.
tensile strength, thermal properties and compatibility. TGA results depicts that the sample with
high content of PANI (12%) had delayed degradation process as compared to the rest of the
samples. This is attributed to strong intermolecular bonds formed in the thermoplastic elastomer.
It was also observed that the percentage elongation at break was at its best at lower PANI content
(3 %) in the elastomer. Above this percentage, the elongation at break seemed to worsen with
further increase ofthe percentage of PANI at the expense ofthe Young’s modulus and the tensile
properties. FTIR results showed strong peaks around 3400-37500 cm 1 in samples P1-P4 due to
the stretching vibration of N—H bond, a strong absorption peaks around 1521-1621 cm 1and
1235 cmfi from the stretching vibration of C=0 bond ofthe urethane, and a—NCO strong peaks

occurring at 2270 cm” L
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5 Synthesis of polyurethane/montmorillonite elastomeric nanocomposites

5.1 Introduction

Polymer nanocomposites are currently of great interest because they often exhibit remarkable
improvement in materials properties that include high moduli, increased strength and heat
resistance, decreased gas permeability and flammability [5.1]. Recently there has been increased
interest in theory and simulations addressing the preparation and properties of these materials,
which are considered to be unique model systems to study the structure, and dynamics of
polymers in confined environments. Nanocomposites have improved physical properties in
comparison with conventional composites due to the much stronger interfacial forces between
the well-dispersed nanometer-sized domains and the matrices [5.2, 5.3].

Polyurethanes (PU) are versatile polymeric materials, which can be tailored to meet the
diversified demands of modem technologies. The physical properties of PUs are derived from
their molecular structure as well as the supramolecular arrangement caused by specific
interactions between the polymer chains. The two-phase morphology of polyurethane as a result
ofthe incompatibility between the soft and hard segments primarily determines PU properties.

The morphology of segmented PUs depends on the relative amount of'the soft and hard phases.
PUs with a 70 wt.% of soft segments concentration typically have globular hard domains
dispersed in the matrix of soft segments, while co-continuous phases and even lamellar
morphology have been postulated in the samples with 50 wt.% soft segments concentration. PUs
with 70 wt.% soft segment concentration are soft thermoplastic rubbers whereas the ones with 50
wt.% soft segment concentration are hard rubbers, both being of significant industrial
importance. These systems are usually unfilled except for minor additives to hinder aging. In
addition, the segmental distribution, flexibility and composition ratios of monomers, the chain
entanglement and length, the interchain forces and the crosslinking are all important parameters
that influence the properties and determine the use of the end-products of PU [5.4, 5.5], It is
therefore noted that strength, elasticity, toughness, thermal stability, load carrying capacity,

transport properties, conductivity and durability of formed composites may all be considerably
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improved by the addition of nanoparticles [5.2, 5.3]. For a characteristic filler particle size on
the micrometer and larger scale interface can be viewed as a two dimensional boundary between
the components. By contrast, when the matrix is filled with nanosized particles, a significant
fraction of the material is either at the interface or within its immediate vicinity. These
significant changes in both chemistry and morphology in a large volume fraction ofthe polymer
matrix are the basis for potentially tremendous changes in nanocomposite properties [5.6, 5.7],
The most widely researched PU nanocomposites are fabricated from the layered silicate clays
mainly due to their high surface area, platy morphology and exceptionally stable oxide network
in addition to their inexpensiveness. In certain respects the layered silicate clays share
characteristics as the aerogel silicas and precipitated silicas used for the reinforcement of
silicones and other polymer systems [5.4]. Montmorillonite (MMT), (Ca, Na, H)(Al, Mg, Fe,
Zn)2(Si, Al)40 ,0(OH)2- XH=0, consisting of layered silicates is the most experimented layered
silicate [5.8, 5.9], MMT belongs to the 2:1 phyllosilicate (Figure 5.1), and the crystal structure
of silicate layers is made of two silicates, tetrahedrally fused to an edge-shared octahedral sheet
of either aluminium or magnesium hydroxide [5.10, 5.11], These layered materials are present in
the form ofthe aggregates with a size ofabout o.1-10 pm, consisting of several primary particles
with a height of about 8-10 nm. The primary particles are composed of a number of layers, and
the thickness of the layers is about 0.96-1.0 nm. Each layer consists of a central Al-octahedral
sheet fused to two tetrahedral silicate sheets. Isomorphic substitutions of aluminium by
magnesium in the octahedral sheet generate negative charges, which are compensated for by
alkaline earth or hydrated alkali-metal cations. The electrostatic and van der Waals forces
holding the layers together are relatively weak in smectites and the interlayer distance varies
depending on the radius of the cation present and its degree of hydration. As a result, the stacks
swell in water and the 1 nm thick layers can be easily exfoliated by shearing, giving platelets

with high aspect ratio.
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Exchangeable cations

Figure 5.1 Schematic formation of 3-aminopropyltriethoxysilane (APTS)-modified silica (SIAP) by

grafting of APTS into the silica nanoparticles surface |4.8|.

Although the high aspect ratio of silicate nanolayers is ideal for reinforcement, the nanolayers
are not easily dispersed in most polymers due to their preferred face-to-face stacking in
agglomerated tactoids. Dispersion of the tactoids into discrete monolayers is further hindered by
the intrinsic incompatibility of hydrophilic-layered silicates and hydrophobic engineering
plastics [5.1]. However, their inorganic cations can be easily exchanged with organic ions (e.g.
alkylammonium) to give organically modified montmorillonite that does not suffer from this
problem. In this way, long alkyl chains can be ionically bound to the aluminosilicate surface,
which increases the basal-plane spacing (d spacing) besides decreasing the surface energy. This
improves the wetting, swelling and exfoliation of the aluminosilicate in the polymer matrix
[5.12]. Figure 5.2 illustrates achievable types of nanocomposites from organically modified

layered silicates (OMLS).
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Figure 5.2  Schematic formation of PU/SIAP hybrid nanocomposites [4.8].

Despite the fact that montmorillonite (MMT) is among the most commonly used smectite-type,
layered silicates for the preparation of nanocomposites [5.8, 5.9], pure MMT is a hydrophilic
phyllosilicate and is only miscible with hydrophilic polymers. It is necessary to exchange alkali
counterions with cationic-organic surfactants in order to improve the compatibility of MMT with
organic monomers or polymers. Many organic modifiers are used to prepare organic-MMT by a
cationic-exchange reaction. These modifiers are able to improve the compatibility between MMT
and polymer and thus increase the thermal and mechanical properties of polymer-clay

nanocomposites [5.13-5.15], In this work we applied scanning electron microscopy (SEM) to
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characterize the structures of the obtained nanocomposites and thermogravimetry (TG) for

evaluation ofthe thermal stability.

5.2  Experiment

5.2.1 Materials andpreparation

Polyurethanes were obtained by a prepolymer method, in which first isocyanate (partially
polymerised 4,4’-diphenylmethane diisocyanate) and polyoxypropylene diol (M=2000 g/mol)
were reacted (Figure 5.3). In the second step polymer chain was extended with 1,4-butanediole
(BD). The nanoadditive was directly added to the prepolymer (MMT) or in form of dispersion in
a solvent (in case of O-MMT). The mixture was vigorously mixed. It is worth emphasizing that
despite the fact that PU nanocomposites offer potential access to completely new classes of
materials with unique properties, one of the most difficult problems with nanocomposites is in
developing synthetic and processing approaches that precisely define the volume and shape of
the individual phases and their local arrangement. Such efforts are needed to generate
nanocomposite materials that permit one to probe how discrete changes in nanostructure affect

macroscopic properties.

5.2.2 Characterisation techniques

5.2.2.1 Thermogravimetry
Thermogravimetric analysis (TGA) was performed on a Netzsch TG 209. The conditions were:
sample weight - ~ 4 mg, atmosphere - argon, open a-AECB pan, heating rate: 10 K/min, argon

o #
flow 20 cm /min.

5.2.2.2 Scanning electron microscopy
Scanning Electron Microscopy (SEM) was used to evaluate the morphology of PU
nanocomposites with particles-matrix adhesion on the fracture surface. The specimens were

gold-coated and SEM images were obtained using a Jeol JSM-5310 electron microscope.
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O-MMT

Figure 5.3  Schematic diagram showing the route for the synthesis of PU/O-MMT nanocomposites

5.3 Results and discussion

The high promise for nanocomposites industrial applications has motivated vigorous research,

which has revealed concurrent dramatic enhancements of many material properties by the nano
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dispersion in polymeric systems. Where the property enhancements originate from the
nanocomposite structure, these improvements are generally applicable across a wide range of
polymers. The interface bonding influences a larger region surrounding the particle in which the
conformational entropy and chain kinetics are significantly altered. These significant changes in
both chemistry and morphology in a large volume fraction ofthe polymer matrix are the basis for
potentially tremendous changes in nanocomposite properties. At the same time, there are also
discovered property improvements in these nanoscale materials that could not be realized by
conventional fillers. However, in some cases there are limitations ofthe amount of nanoadditive
that can be added to the primary polymer system to achieve key enhancements. For this reason
among others, a good balance between properties enhancement and synthesis/fabrication

parameters need to be struck for a success.

5.3.1 Thermal study

TG profiles of PU and PU/O-MMT nanocomposites are presented in Figure 5.4. The results
show that the degradation rates of the nanocomposites become slower compared to PU,
indicating an improvement of thermal stability of PU due to the role of nanoadditive that
prevents the heat transfer and thus limits progress of degradation. Tien and Wei [5.16] reported
that the glass transition temperature of the hard-segment phase and the storage modulus of
segmented PUs increased substantially in the presence of a small amount of tethered nano-sized
layered silicates of montmorillonite (as compared with their pristine state) by approximately
three folds. Further, the thermal stability of these MMT/PU nanocomposites was enhanced, as
shown by TGA - in particular, a 40°C increase in the degradation onset temperature and a 14%
increase in the activation energy of degradation was found for PU containing 1 wt.% trihydroxyl

group swelling agent-modified montmorillonite, compared to that ofthe pristine PUs.
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Figure 5.4 TG profiles for PU and PU nanocomposites containing 1, 3 or 5% of O-MMT.

Because of the incompatibility between the hard segments and the soft segments, PU
undergoes microphase separation resulting in a hard-segment domain, soft-segment matrix, and
urethane-bonded interphase. The hard-segment domains act as physical crosslinks in the soft-
segment matrix. The primary driving force for phase separation is the strong intermolecular
interaction of the urethane units, which are capable of forming intermolecular hydrogen bonds
[5.17, 5.18], Owing to such interactions, interconnected or isolated hard segments remain
distributed in the soft segment matrix, though the soft domain may contain some hard segments
dissolved in it, which is evident from the hydrogen bonding of the urethane-NH groups with the
oxygen of the ether or ester linkages - this complex morphology strongly influences both
mechanical and thermal properties of PU. In general, there are three main pathways for the
initial degradation of the urethane linkage which are: dissociation to isocyanate and alcohol,
dissociation to primary amine, olefin and carbon dioxide as well as the formation of a secondary

amine with elimination of carbon dioxide. Polyurethanes degrade at low temperatures (220-
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270°C) with the formation of a nitrogen-free residue and a number of low-molar-mass volatile
products. With increased temperature the residue further decomposes to yield nitrogen-
containing products like HCN and acetonitrile. Tien and Wei [5.16] reported that the glass
transition temperature of the hard-segment phase and the storage modulus of segmented PUs
increased substantially in the presence of a small amount of tethered nano-sized layered silicates
of montmorillonite (as compared with their pristine state) by approximately three folds. Further,
the thermal stability of these MMT/PU nanocomposites was enhanced, as shown by TGA - in
particular, a 40°C increase in the degradation onset temperature and a 14% increase in the
activation energy of degradation was found for PU containing 1 wt.% trihydroxyl group swelling
agent-modified MMT, compared to that ofthe pristine PUs.

An important observation concerns formation of larger amounts of char residue during the
thermal decomposition of PU nanocomposites in relation to the neat PU. This is a promising
result for further flammability studies that are underway. This is in agreement with other
findings, e.g. Uhl et al [5.19] showed that presence of modified MMT clay rendered the
polymers more susceptible to thermal degradation. In the work of Flan ef al [5.20] it was
described that initial degradation corresponds to the release of little molecules or unstable side
chains. The introduction ofwell-dispersed MMT can prevent the heat transport and then improve
the thermal stability of the polymer nanocomposites. Slowing down the volatilization of the
degradation products may also occur because of the labyrinth effect of the silicate layers in the
polymer matrix [5.21]. Flowever, because the O-MMT itself contains some low-molecular-
weight compounds that will release at lower temperature, many of them are to impair the thermal
stability of the nanocomposites. At the main degradation stage of PU backbone decomposition,
the introduction of MMT limits the motions of PU molecules, causing an enhancement in the

thermal stability.

5.3.2 Structure and morphology

In this study, the SEM experimental results showed that the MMT existed in the form of an
intercalated layer structure - Figure 5.5. The extent of the reduction of hydrogen bonding in the
hard segments depended on the amount of the silicate layers and their dispersion. The

combination ofthe reinforcing effect ofthe silicate layers and its effect on the morphology of PU
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resulted in an optimal enhancement of the maximal strength and the elongation at break,
regardless of their hard segments ratios. Published work have indicated that the degree of
hydrogen bonding in the hard segments in PU was reportedly reduced due to the presence of the
silicate layers, and the resultant morphology of the segmented PU was altered [5.22, 5.23]. Of
late, Petrovic and co-workers [5.24] studied the effect of silica nanoparticles on morphology of
segmented PUs. It was shown that addition of nanoparticles radically alters the morphology of
the hard phase both at 50 and 70 wt.% soft segments concentration by suppressing the formation
of fibrils within spherulites and decreasing hard domains size. A single melting peak in wide-
angle scattering techniques (WAXS) showed decreasing crystallinity of the hard domains with
increasing filler concentration in samples with 70 wt.% soft segments concentration. Also,
spherulites of PU with 70 wt.% soft segments concentration were more compact than those of'the
polymer with 50 wt.% soft segments concentration. Differences were also found in the structure

and size of fibrils forming spherulites.

PU +3% MMT PU +3% O-MMT

Figure 5.5 SEM micrographs for the PU, and PU/MMT and PU/O-MMT under investigations.

Remarkably, in PU with 70 wt.% soft segments concentration, there was a tendency toward
radial growth of fibrils from a nucleating centre. Ultra small-angle scattering techniques (SAXS)
provided a link between the presence of the silica and the alteration of the large-scale fibrillar
morphology. Even a small amount of silica disrupts the shortscale phase-separated morphology
attributed to segment phase separation in unfilled PU. Apparently, the large-scale morphology

resulted from the short-scale domain growth in the same way that lamellar crystals result from
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short-scale segregation of crystalline and amorphous regions in semicrystalline polymers. When
the short-scale domain structure was disrupted, fibrillar growth was impeded. Further, the DSC
results of the PU/silica nanocomposites suggested that either the distribution of crystallite sizes
was narrower or that a single type of crystalline structure was formed at higher filler loadings,

but there was no clear effect ofthe filler on the glass transition of soft segments.

5.4 Conclusions

Polyurethane nanocomposites with montmorillonite are an interesting group of modern
macromolecular materials that have gained a lot of attention recently. The versatile structures of
polymer matrices and the subsequent formation of complex nanostructured materials often
require an extensive range of physical techniques to characterize the obtained structures over a
range of length scales from molecular dimensions to micron size scales. In this work, thermal
properties of PU/MMT and PU/O-MMT nanocomposites with intercalated structure, as
evidenced by SEM data, prepared by prepolymer method, show a considerably potential for
further increase and form a solid basis for further flammability studies. Remarkable differences
in the thermal behaviour of neat PU and PU nanocomposites indicate that nanoadditive play an
important role by barrier effects that increase during volatilization owing to the reassembly ofthe
reticular of the silicate on the surface. It can be emphasized that the nanoparticles often strongly
influence the properties of the composites at very low volume fractions as observed in this study.
This is mainly due to their small interparticle distances and the conversion of a large fraction of
the polymer matrix near their surfaces into an interphase of different properties as well as to the
consequent change in morphology. As a result, the desired properties are usually reached at low
filler volume fraction, which allows the nanocomposites to retain the macroscopic homogeneity
and low density of the polymer. Besides, the geometrical shape of the particles plays an
important role in determining the properties of the composites. This work establishes the

foundation for further investigations.
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5.5 Polymer Composites: From nano to macrostructures

With continuing quest for lighter and stronger composites, the demand for new types of
materials is increasing. No longer can traditional fibrous composites fulfil our stringent
requirements, nor can they be engineered at the continuum level, which control properties at the
molecular or atomic level. However, it is well known that molecular forces and bonding, the
interaction between the interfaces, and the physical phenomena at this level will dictate the
aggregate properties of materials. In this nanocrystalline state the solids contain such a high
density of defects that the spacing between them approaches interatomic distances and a large
fraction of the atoms sits very close to a defect [5.25]. Consequently, nanocrystalline materials
are exceptionally strong, hard, and ductile at high temperatures, wear-resistant, corrosion-
resistant, and chemically very active.

From the nanofiller reinforcement family of materials, nanoclay are one of the most promising
mechanical reinforcing materials for polymeric composites [5.26], This owes to the fact that
extremely high surface area is one of the most attractive characteristic of the nanoparticles
because it facilitates creating a large interface in a composite. An interphase of 1 nm thick
represents roughly 0.3% of the total volume of polymer in case of microparticle filled
composites, whereas it can reach 30% of the total volume in case of nanocomposites. A
negligible contribution made by the interphase provides diverse possibilities of performance
tailoring and is able to influence the properties of the matrices to a much greater extent under
rather low nanofiller loading. Improvement in the tensile performance of polyurethane
composites has been reported in the proceeding chapters in terms of stiffening, strengthening and
toughening with a low filler content of about 1%.

More recently, nano-sized fillers have been extensively used to the end of improving
composite stiffness and strength [5.27, 5.28], Particularly, nano-sized fillers such as carbon
nanotubes [5.29] have been recently employed to improve the dynamic performance of
composite materials. These fillers exhibit promising behaviour towards the improvement of the
composite’s time dependent performance, e.g., vibration damping and/or the damage tolerance
characteristics.

Moreover, these improvements are achieved through conventional processing techniques

without any detrimental effects on processability, appearance, density and ageing performance of

107



Chapter 5

the matrix. Eventually, these composites are now being considered for a wide range of
applications including packaging, coating, electronics, automotive and aerospace industries.
While nanoparticles have attractive attributes, their usage in structural composites which are
relatively large in dimension is almost non-existent. It is on this foundation that this thesis is
built on.

A thorough understanding of processing-structure-property relationships in the nanocomposites
is critical and should eventually permit properties prediction toward specific applications.
Equally important, is the incorporation of nanosized components that offers the great potential to
improve the reproducibility of composite properties, importantly, because complete control of
the smallest building segments offers the best potential for controlling macroscopic properties.
Moreover, the production of high performance resins will enhance further understanding of
hybrid nano-composites.

The geometry of CFRP in the fibre-matrices construction in many ways resembles that one of
nanocomposites produced from layered silicate clays. In such nanocomposites, a polymer system
is used to fill in the gaps between the layers (see Figure 5.6). Fundamental research in CFRP
technology can therefore be adopted to deliver a better understanding of the structural
mechanisms of the nanocomposites to allow feasible applications to happen e.g. in noise and
vibration damping. Further insight may also be gained from sandwich structures particularly
where elastomers are used as the core material. Even further, established knowledge in
theoretical formulation of laminated composite structures (for instance using dynamic stiffness
matrix methods) may be developed to appropriate theoretical model that can assess possible
advantages of layered silicate reinforcements. Notably, the current theoretical models
concentrate on macromechanics, or micromechanics. The challenge here is to develop a suitable
theoretical model to investigate the three levels (macro, micro and nano) harmonically and to
develop appropriate theoretical model hoping to arrive at a point where one may apply the model

in real life application, as demonstrated in Figure 5.7.
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Coprecipitalx:o

Figure 5.6  Syntheses routes for polymer/montmorillonite

A cost effective aircraft flying with
improved lit, manoeuverability and
enlarged flutter envelop %
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Epoxy-fibre-reinforced-composite beam made of
several plies of various orientations +/-(0-90) .

Each ply has variable number of laminates
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and wash-out on the flutter characteristics of composite wing

Figure 5.7  Futurist application of polymer nanocomposites incorporated into carbon-fibre reinforced

composites
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Future developments may involve the macroproperties i.e. the effect of layered silicates on
CFRP and ultimately on structural dynamic problems such as aircraft wing flutter. Since there is
no commercially available software to evaluate the effects of nanoadditives in structural
dynamics, development of computer modelling capabilities are necessary such that computer
models of various orders of complexity may be used to simulate the possible outcomes and the
results correlated with experimental and theoretical ones. Adoption of structural dynamics

employed in laminated and sandwich structures will facilitate these developments.
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6 Investigations into free vibration behaviour of layered sandwich beams

using theory and experiment

6.1 Introduction

Sandwich structures are widely used in many weight sensitive and high-energy absorption
applications, for example, as components of aircraft, missile and spacecraft structures. They have
many advantages over solid isotropic structures. Some benefits of sandwich structures include
good specific stiffness, high buckling resistance, formability into complex shapes and easy
reparability. A three-layered composite structure in particular, is commonly used in practice,
which is generally made of a soft core such as rubber and strong face materials such as steel or
aluminium. The present work is concerned with the dynamic analysis of a three-layered
sandwich beam using both theory and experiment.

Earlier research on the dynamic behaviour of sandwich beams can be traced back to Di Taranto
[6.1], Mead [6.2] and Ahmed [6.3] who used classical differential equation approach and
concentrated mostly on theoretical developments. The research on this topic has continued over
the years as clearly apparent from the literature. An important feature of the published work is
that the value judgements made by various investigators when establishing the model accuracy
of a sandwich beam have been interestingly, and often intriguingly, diverse. There is no doubt
considerable difficulty in obtaining an accurate analytical (mathematical) model for a sandwich
beam because of the very nature of the problem in which materials with markedly different
properties are joined together. Only a few relevant earlier investigations are reviewed here.
Sisemore and Darvennes [6.4] have considered the effect of compression energy of the core on
the damping behaviour of sandwich beams whereas Sainsbury and Zhang [6.5] used Galerkin’s
method to solve the damped free vibration problem of sandwich beams. On the other hand, Rao
[6.6] derived a complete set of equations of motion and boundary conditions governing the
vibration of sandwich beams using an energy approach. Banerjee [6.7] used the dynamic
stiffness method, which was primarily based on the Bernoulli-Euler theory, when he carried out a
free vibration analysis of a three-layer sandwich beam. Later the work was extended by using

Rayleigh theory for the face layers and Timoshenko theory for the central layer [6.8], Banerjee’s
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work is essentially based on an imposed displacement field. He used Hamiltonian mechanics to
derive the governing differential equations whose solution eventually led to the formulation of
the dynamic stiffness matrix and free vibration analysis.

The investigation reported in this chapter is carried out in two parts. The first part is theoretical
in which the earlier work of Banerjee [6.7, 6.8] is extensively extended. An advanced dynamic
stiffness theory for a three-layered sandwich beam is developed in order to investigate its free
vibration characteristics. In this new development all three layers of the sandwich beam are
assumed to behave according to the Timoshenko beam theory so that the earlier eighth order
system of Banerjee [6.7] becomes a tenth order one and a significantly improved model was
realised. The second part of this work is experimental. It focused on experimental measurement
of the free vibration characteristics, namely the natural frequencies and mode shapes, of
sandwich beams by using an impulse hammer kit and associated computer software. In order to
achieve this, a number of specimens of three-layered sandwich beams were manufactured using
rubber as the core and aluminium as the face materials. Replacing aluminium by steel as face

materials a few additional specimens are made.

6.2  Theory

6.2.1 Derivation ofthe governing differential equations o fmotion infree vibration

The following general assumptions are made when developing the governing differential
equations of motion in free vibration of a three layered sandwich beam of asymmetric cross-
section. All displacements and strains are small so that the theory of linear elasticity applies. The
faces and core of the sandwich beam are made of homogeneous and isotropic materials and the
variation of strain within them is linear. Transverse normal strains in the faces and core are
negligible. There is no slippage or delamination between the layers during deformation.

In a rectangular Cartesian coordinate system, Figure 6.1 shows a three-layered sandwich beam
of length L. Each layer has its own geometric and material properties with a subscript i denoting
the layer number (/=1 for the top layer). Thus each layer has thickness 4\, width b\ (so that area A\
= &/?,), second moment of area /,, density p, (so that the mass per unit length m, = pA4\), Young’s

modulus Ex shear modulus Gj, and shear correction or shape factor &\ (kz<1).
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The system of displacements used is as follows. All three layers have a common flexure in the
jy-direction with the flexural displacement denoted by w. The axial displacement (i.e. the
displacement in the x-direction) of the mid-plane of each layer is «, (/= 1,2 and 3) which varies
linearly through the thickness. The axial displacement of the interface between layers 1 and 2 is
«12 whereas for that of the interface between layers 2 and 3 is «23 as shown in Figure 6.1. The
cross-section of each layer does not rotate so as to be normal to the common flexure, but it

necessarily shears leading to the Timoshenko beam formulation.

Figure 6.1 The coordinate system and notation for a three-layered sandwich beam

Given the displacement system in layers 1 and 3, the displacement in layer 2 is fully
determinate. This carries over into axial stress, which is dependent on derivatives with respect to
x of «j and velocity with time derivatives. Thus a model can be developed in which the behaviour
ofthe central layer is described in terms ofthe behaviour of the outer layers.

Using the continuity of deformation, the displacement u12 and «23 at the layer boundaries can

be expressed as
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u2 - u\+(N/2M - u2~("2/ 272 (6-1)

W3 =18 (3/2Y3 ="2 +("2/2Y2 (6-2)

Equations (6.1) and (6.2) give
2 %2 :W+W+ 7/\3/\3)/2 (63)
h2d2 =ui -u\ ~h\9\ +hi0i )/2 (6.4)

By allowing each of the three layers to have the same flexural displacement w in direction oy,

the local rotations Ou02,(), which are not identified with w', where the prime denotes

differentiation with respect to x, a Timoshenko beam type model can be constructed. Each layer

has linear variation of axial displacement and stress with respect to y in the cross-section, but the

shear stress and strain remain constant.

In developing the strain and kinetic energies, repeated use is made ofthe following well known

results.

If/x) is a linear function ofx varying fromf =j{x|) atx=x|to =J{x2) atx = X then

X[f{x)]2dx = {x2-xjX/,2+/1/2 +/2)/3 (6.5)

*1

Strain energy due to axial stress in layer 1is given by

wbx =\ JJJ EVEXN5dxdydz (6.6)
%

where “varies linearly from —~h0{ to uf +'I\1-0{ through the thickness

Noting that the width b\ of layer 1 is constant, the strain energy u” becomes
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6.7)
=\ JeidAMY 7
respectively extensional (or axial) and bending (or flexural) rigidities of layer 1
It follows that total strain energy due to axial stresses in all three layers is
UB =~ |E\A\{U)2 +E2A2£u2)2+ "3"3(W3)“ + E\h {\f + Y +Elh(&3 )~\dx (6-8)

20
In layer 1, the shear strain is y, =w'-0 Xand this is presumed constant across the cross-section.

The strain energy due to shear force in layer 11is given by [6.8]
(6.9)

where £l is the shear coefficient and k\4\G| is the shear rigidity of layer 1.
Strain energy due to shear forces in layers 2 and 3 can similarly be obtained and the total strain

energy ofthe whole beam due to shearing is given by

(6.10)

Thus the total strain energy U of the sandwich beam due to normal and shear strains can be

written as

(6.11)

. N L h h
For the kinetic energy, the axial velocity in layer 1 varies linearly from wux--j-0| to«] )

that the kinetic energy 7\ for layer 1is
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‘ , A A
n-» Pyt G—0 + WL AE: Gy
L
= 1\p\h\ dX > (6]2)
1l
1 P\A\{i)2 +P\h{6)) dx p

In this way the total kinetic energy 7 ofthe sandwich beam can be expressed as

(6.13)

T —— + P\A4jUj +P242U2 +P343U3 +/?,/,8, "1'P2b272~ HP37373 1P

where the first term is the transverse velocity contribution to the kinetic energy, and
M =p\Ax+p2A42+p343 represents the mass per unit length ofthe whole sandwich beam.

The problem can now be processed using Hamilton’s Principle, in which Su2 and S02 are
expressible in terms of the allowable variations”/,, du3,50x,5d3. The displacements //2 and#2

will be substituted from Egs. (6.3) and (6.4) once the variational analysis is complete. Combining

Tand U from Egs. (6.13) and (6.11) the Lagrangian L =T-U takes the following form

L=- Wmw ~+pxdx(uxy +p2A2(it2Y + p343(u3)2 +pxIx[dx\ +P2h { ~ +P? h(p?)
P ) p

>
~E\A\WU))2- E2A @ 2- B3A3W'Y2- exiM ? - E ihid'i)2 -E3i3{e3)2 (6.14)

- kxAXGX(vE- 0X)2 - k242G2(vEf- 02)2 - k343G 3{w'- 03)2jdx

By applying Hamilton’s principle <5jL<#=o0 and using L from Eq. (6.14), the following set of
h

differential equations are obtained

NA2 2 4 p2A2)d2 (e2a2) a2
N

+ i—p + +~
P\A\ +JP 242j —p +\EIA\ E242 6 Jdt2 { 6 Jdx2

/ ' 6.15)
k2422 .. P242) _+1d3 1d AG he ~(P242)  _(E242) d2 > (
h2 J 6 Jdi2 1 6 Jdx* 2h 1 2,82 1 12 s4:2
koA2G2 px, | k24262 Tdw
242 ’ dx
p242)d2 fE2421d2 oA G U+ p2A42 , ) d2 fE242 ) d2
6 )di2 V 6 )dx n j
> (6.16)
'( p242Ve 2 (e2a2)| s2 : "242G2 no + FP242 452 (202) a2
hi 1 12 )det2 1| 12 Jdx2 { 2hi ) — { 6 Jdx2
242G k242G2 ldw
| 3
o, .M T e
b
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( \
foP2a2 €2 [E202) 52 k202020 f PIALP v 4 paaz)s2 , k2d2G2 "
! 6 [Id, 2 | 6 )dx2 ¢ a2hi ) | 12 Jet2 | 12 )dx2 { 2h2
\
d2 h2 a2 i " *P ) (617)
Pi~r2 7+ E\I\ +~rrE242 k242G2
12 ,di2 g 12 ,dx2 M, J >
(PZAZ)a2 _eraZ) a2 k242G %’)&!%t/j a 4 Ar. It. A.r;. dw’
{ 24 Tdta 1 24 {4 1 (2%2 7 J“GSC J
8 / \
]A2A2 (e2a2) 52 A2G2 gt s [PzAzIOY (£202) 62 . kZAZGZJ 033
12 )dt2 2 b { 2h2 6 )dt2 1 6 Ja*2 2h2
6.18)
A oA 2 k242 h3E2A42 (6.
"P2A2) 32 fr2%2) 2 39\ + p242 +P3I3 £3/3 +
1 24 Jdt2 { 24 T .40 £ 4% dr 12 a2
1 <
h3 dw
—KFk242G2 +k343G3 3 ~ —2 —52A2G2~k3A3G3 =0 J
J 2h2 ~k
4%2
' ' ft. |
k242G2 'du) du3 ddL + dds
— s — v _ Ao.AnAo ce— kn A>Gy + ~ AG (6.19)
| ha Jdx A 1 2h2 Ay A gy, podx S
2 2
~(k\A\G\| +k242G2 + k343G3)— - + M —— W=0
dx1 dil

Note the symmetry ofthe differential operators in Egs. (6.15) - (6.19).

The associated boundary conditions generated by Hamilton’s principle are as follows. The
axial forces in layers 1and 3 (F| and F'3) are

A :fFa CE242 . HAN e2a2 e2i2 33  h\E242 +hIE2]12 @ h3E242  h3E202 se3 (6.20)
11 ~ ~dx }’]2 ; 8x 8 2h, . ox 8 2*.2 . odx

w 5

po. E2dz 1202 Fod34ELAl +E1pn ¢ B2 KE22 aa,  h3E242 h3E212 de3 (6.21)
{4 w2y & L33 4 122 & g 2*22de{ 8 2%22 ]

Note that each ofthe above two forces includes a contribution from layer 2.

The bending moments in layers 1and 3 (M| and M3) are

A

/
M= Jak,  Agore  MEY dit , h2E242 W2E22 5 mh3E242 ~Wh3E212 dd3 (6.22)
Jax 1 8 o%20 dx {“ 16 4ron Adx ] 4ron ] dx

hjE242 | B3E2 duj  EJE242 WE22 OB phspoaz A4E26dN o kszp2a2 w2622 Q) (6.23)
3'3 .

[ —

M, =- . QT g3y
8 2}12] dx hi ~% 16 42 g oax ST 4% dx

Note that each ofthe above two moments includes a contribution from layer 2.
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The total shear force, S, in they direction, is given by

k242G2 ANoro

5 =-(klA\G\| +k242G2 + k343G3) - - a+ u3
dx vV h2 ) \\ h2 y (6.24)
RAG +A1/‘2A2A2 321N
oh, . 2ID

B

Now for harmonic oscillation mi, ms , 6, <3and w may be written in the following form

U—Ud0; uw—UfJeot, G- cje; 03 =&3ign w=e" (6.25)

where Cli, 03, €], osand W, are the amplitudes of u|, 3, 6%, #3and W, and @ is the angular (or
circular) frequency of free vibration, and / = V-1

Substituting Eq. (6.25) into Egs. (6.15)-(6.19) and introducing a non-dimensional length

=x/L and writing 4 -JL one obtains

4
@2+4 7, D2 +c\j3+h{{bD2 + A (D 2+ )03 ~{fD)W =0 (6.26)
(D2 +c\jl+ {gD2 +h)j3 +kL{bD2 +c)9, - h3{bD2 +e)c)3+(/D>F =0 (6.27)
{bD2 +e)Ux + NbD2 +¢)j3 +hx{zD2 +mih |- (b D 2 +¢)|CB + (nD)W =0 (6.28)
- A"D I +c\jx- (bD2 +e\j3- }jibD2 +c)O, + h3(pD2 +~103 - {rD)W =0 (6.29)
- (IDUX*{fDp 3+ («>)Q, - h3(tD)@3 - (D2 +t)v =0 (6.30)

where a, b, ¢, e etc are non-dimensional quantities dependent on the sandwich beam parameters

and are defined in Appendix B.

By extensive algebraic manipulation the differential equations (6.26)-(6.30) can be combined

into a single tenth order differential equation satisfied by U\, U3 ©j, @sand Was follows.

(7 +iD 42D +/isDa+  +/ijje=o (6.31)

where O=t/i,ort/3,0r©i,0rOs3,orty .
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The coefficients ;udj=1,2,....,5) are given by

Ai i A2 : Hi’, x 2 TBs Ad _Hi- A5

(6.32)
m m nl n’

3T

with
1\ =sAi
(]2 ~ bz + BJA3+ 4 sAN + bfAS + bLgA" +4bAAj +2bAg + Aj
1j3 = 4b2sBx + 4b°tB: + £2/B3 + 4aB + 4b2B5 + 4bcB + 4beBj +8bBS + 4cB9 +Q (6.33)
74 = 426C2 +40C3+422C4 +  +4bCsr +4c C7 +4cCg +16cCg + 2)j
75 =4aD2 + 4bDj + 4c~D4 + 4cDs + £55
% =tDI
where A1-49 BxB9and C| -Cg are defined in Appendix C

The differential equation (6.31) is linear with constant coefficients so that the solution can be

assumed in the form
x =x Oert (6.34)

Substituting Eq. (10.34) into Eq. (10.31) gives the auxiliary equation as follow

/(" +p:. [ +p3N +/LTE A —0 (6.35)
The above equation is a quintic in p =42, namely
pi o+ AlAS +A2A3 +A3A2 +A4A +AS=° (6.36)

which can be solved in a routine way.

Some pair or pairs of complex roots may occur, but as U\, Us, ©i, ©3 and W are all real, the

associated coefficients; say x , in the solution for x= 1 x will also be complex. As complex
H

roots occur only in conjugate pairs, the associated x} will also occur in conjugate pairs.

Thus, the solution for Ui, Us,©1,03and W can be written as

Ux=7Z perji ;u3=127 Qjer* ; Q=2ZV ' ;=1 sw=7Z¢,/* (6.37)
7=1 7=1 7=1 7=1 7-1

where (j- 1,2...10) are the 10 roots ofthe auxiliary equation and A,, §j, Rj, Sjand Tj, (j =

1,2 ... 10) are five sets often, possibly complex, constants.
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By substituting Eq. (6.37) into Egs. (6.26)-(6.30) it can be shown that the constants/) ,Qj, R
and s, are related to 7} as follows so that the responses v, vs o[, © and W are linear
combination of 7)

p="5T;" G =rjz; Rj=rjTj\ S -1jlj (6.38)

where aj,Pj,y} and rjj can be expressed directly from the five differential equations (6.26)-

(6.30) and by applying Cramer’s rule to the following relationship for the determination of
B,Qj, Rj and Sj, see Appendix D.

(rj2 +a) [brj2 +¢) (*ry2 +e) -N(br2+c)

T A
[Bfi2+e)  (gr/ +h) (B2 +c) - (b72+e) S (6.39)
(r2ve —072%ey gpew o 1rw2ee W

s .

\{lj2+c) -(bj2+e) -\{bJ2+c)
The expressions for the amplitudes ofthe axial forces in layer 1and 3 (7q and F3), the shear force
across the cross-section (5) and the bending moments in layers 1and 3 (M| and M3) are given in
Egs. (6.20) - (6.24). With the help of Egs. (6.37) and (6.38) it can be shown that the loads
m(™),/s(*),M1("),M3(*) ands(*)are also linear combinations of 7}. Noting that these forces and
moments vary harmonically during vibratory motion in the same way as the displacements and

rotations, so that they are (as functions of'the variable”® =x/L) given by

. \' ar
o ffl/. E\A\+£E2A2+_5'E212 +PL gy e 2"E212
I, 4 h22 (6.40)
.. r \ 7iPi \1 )
O] _mE242+ -~ — E21 T -—h3E242 h— Ep%y >a’T,
y8 1 2 2 2/m2 2/7,
y
°  r-a- \ ”POJf
| e242- % (E212 " E343 + —E242 + —2 E212
F® -% -rr w2
V4 h 2
y < (6.41)
DY aias 0 22 o BIF2AD e TE2h ePT,
8 2/7, 2 8 2/?,
irlad bbb Saly TP Gk fob
7= 1 v8 21122 L {8 2/7,2 J (642)

Saly Y er:rfzaﬂﬂsytzzz

4/7,2
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/
R 5, X0\ 0 ifi _Wpgp B F,
v 8 2/p2 y . 8 2"o- y 6.43
N \ o L 64)
j b +/\ /2 2_ . /:_ . o
gy E242 4h2E2 212 A3A3-i-_i% a2 2+4Q 2]E212 %17,

rk242G f LA

S(E)= X -]y (M A +i242G2+A3"G 3)+«y .

v R joUv oh2 (6.44)
i —kAAAG\"'hfZAZGz ol ~km+h3k—>A2G2 j!°eﬁ%r,-
7 2, 2/3

6.2.2 Formulation ofthe dynamic stiffness matrix

The amplitudes of the responses and loads of'the freely vibrating sandwich beam are given by
Eqgs. (6.37) and (6.40)-(6.44), respectively which can now be related by the dynamic stiffness
matrix on eliminating the arbitrary constants 7} (j = 1, 2, 3,....10). Referring to Figure 10.2 the
boundary conditions for responses and loads ofthe sandwich beam are as follows.

At the left hand end, £=0(x = 0), the responses are U\ (0), t;5 (0), 0, (0), o5 (0) and W (0).
The corresponding responses at the right hand end, £=1(x = Z), are U\ (1), t/3 (1), 0, (1), 0 3 (1)
and W (1), see Figure 6.2. By substituting f=0 and E=1 in Eq (10.37), these boundary

conditions give

10 10 110 i 10 . 10
g, 0=z P ;t30)=1 J;00=- 2z §; @=- z §; W)= T (6.45)
7=1 7=1 Z7=1 Z7=1 7=1
. : : 10
Git)= z Hej /3@ = 2 ©.0=FY  @30)=FPv 'ysr0=2 Je (6.46)
7=1 7=1 ~7=1 -7=1 7-1
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Figure 6.2  End conditions for responses and loads for the three-layered sandwich beam

Equations (6.45) and (6.46) can be written in the following matrix form and by using Eq.
(6.38) and simply referring the state vector of response £A(0), 6/3 (0), O\ (0), 6)3(o), W (0), U

(D), 113 (1), 631 (1), 6)3 (1) and W (1), to only one set of arbitrary constants 7}as follows.
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m o) P Pi Pi A
0,(0) n 7i 7i 74
©3(0) 7 72 % 74
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t/1(1) a /1 alerl «3e13 «4/ 4
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where 8 and T are displacement and constant vectors respectively and Q is the 10x10 square
matrix given above.

Similarly at the left hand end, £=o0 (x = 0), the loads are F\ (0), Fi (0), M\ (0), M 3(0) and S (0),
and the corresponding loads at the right hand end at 4 =/(x = L), are F\ (1), F2(1), M\ (1), M 3
(1) and S (1), see Figure 6.2. By substituting £=oand 1 in Egs. (6.40)-(6.44), and noting that the
signs for the forces must be reversed at the right hand end as a consequence of the convention,

these boundary conditions give the following matrix relationship.

A1 aU «l2 «13 «l14 «15 «16 «17 «18 «19 «110 0
*3] a2\ «22 «23 «24 «25 «26 «7 «28 «29 «10 7
M1 «31 «32 «33 «34 «35  «36 «37 «38  «39 310 h
m 3, «41 «42 «43 «44 «45 «46 «47 «48 «49 «410 F
«51 «52 «53 «54 «55 «56 «57 «58 «59 «510 X h
E\2 «61 «62 «63 «64 «65 «66  «67 «68  «69  «610 F
E32 «71 «72 «73 «74 «75 «76  «77 «78  «19  «710 7
Mn «81 «82 «83 «84  «85 «86  «87 «88  «89 «810 7
M 32 «1 «92 «93 «94 «95 «96 «7 «98 «99 «10 7
S2 . «101  «102 «103 «l104 «105 «l106 «107 «l108 «109 «1010. JIO.
or
F =RT (6.50)

where F is the state vector of loads, T is the vector of constants and the elements of the 10x10

square matrix R are as follows.

au E\A\ 4— 322 ——|—2i2 b -EjA-)--—-—£9/9
(6.51)
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U] mE2A2 4oy E212 "V _h2E242+— #yE202
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. ] N \
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, h i .
~re2a 2 - FrE2l2 ~Xh3E242 ----- YE2)2
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v 8 27122 7
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e h}g E202+ b E2h ri} Elh +~T7~E242 +~ " Y E2J2
417- 16 4122 ,
S/ - —~{RA]G) +k242G2 + k242G -aj PA202" ) (R2A262
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h\k242G2 AFOA QA
. J’_ _ _ +
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a6j =~a\je 1; alj =-fl2ye J; «87=-«3ye' 1l a9j =~a4j?' & «l0j =~ajje (656)'(660)

where j =1,2,3,......... 10.
The dynamic stiffness matrix can now be formulated by eliminating T from the Egs. (6.48) and

(6.50) to give

F=RQ"s =Ks (6.61)
where
K=RQu (6.62)

is the required dynamic stiffness matrix.

6.3 Application of the dynamic stiffness matrix and numerical results

The above dynamic stiffness matrix can now be used to compute the natural frequencies and
mode shapes of either a single three-layered sandwich beam or an assembly of such beams, for
example a continuous sandwich beam on multiple supports. An accurate and reliable method of
calculating the natural frequencies and mode shapes is to apply the algorithm of Wittrick and
Williams [6.9, 6.10] to the dynamic stiffness matrix. The algorithm is simple to use and relies
principally on the Sturm sequence property of the dynamic stiffness to converge on any natural

frequency with certainty. It has featured in literally hundreds of papers the details of which are
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not repeated here, but for further insight interested readers are referred to the original work of
Wittrick and Williams [6.9, 6.10].

First of all, for illustrative purposes two examples of a three-layered sandwich beam are
provided to compare results obtained from the present theory to the ones computed using earlier
(and simpler) theories. The first example is a three-layered sandwich beam of length 0.5m with
rectangular cross-section. The top and bottom layers are made of steel with thicknesses 15 mm
and 1omm respectively, whereas the middle layer is of rubber material with thickness 20 mm.
The width is 40 mm for all layers. The properties used for steel and rubber are as follows with

the suffix s denoting the properties for steel and the suffix » denoting the properties for
rubber: Es =210GPa, Gs =800GPa, ps=7850£gVw3, Er =\.5MPa, Gr =0.5MPa and pr=950kg/m3.

The shear correction or shape factor used in the analysis for each layer is set to 2/3 which is
generally used for a rectangular cross-section. The second example is similar to the first one
except that only the central layer (i.e. the core) which was rubber in the first example, is now
replaced by lead with material properties (using suffix /) E,=\6GPa , G,=5.5GPa and
pt =11100kg/m3,.

The complete set of data used in the analysis for the two illustrative examples is shown in
Table 6.1 for interested readers who wish to develop the present theory further or wish to check
their own theories. The first four natural frequencies of the two examples, with cantilever end
conditions, are shown in Table 6.2 together with the results obtained by using the earlier theory
of Banerjee and Sobey [6.8], The differences in the natural frequencies are quite small. This is to
be expected because of the relatively important role played by the core which is modelled as a
Timoshenko beam both in the present theory as well as in the earlier theory of Banerjee and
Sobey [6.8]. The main difference between the present theory and the earlier theory is essentially
in the modelling ofthe top and bottom layers for which the effects of both shear deformation and
rotatory inertia are included in the present theory, whereas only the effects of rotatory inertia are
included in the earlier theory. For the results of the two examples shown in Table 6.2, shear

deformation ofthe face layers is not expected to have any major effect.
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Table 6.1 Data used for computation of natural frequencies and mode shapes of examples 1 and 2

Layer 1 Layer 2 (Rubber) Layer 2 (Lead) Layer 3
Properties

(Steel) Example 1 Example 2 (Steel)
b (m) 0.04 0.04 0.04 0.04
h (m) 0.015 0.02 0.02 0.01
Aim 1) 0.0006 0.0008 0.0008 0.0004
/(m 4) 1.125x1 Oo8 2.67x1 Oo8 2.67x1 Oc8 3.33x10°09
G (GPa) 80 0.0005 5.5 80
E (GPa) 210 0.0015 16 210
P (kg/m3) 7850 950 11100 7850
k 2/3 2/3 2/3 2/3
EA (N) 1.26x108 120X lo3 1.28x107 8.40x107
El(Nm2) 2.36x103 4.00x1 Oz 4.27x102 7.00x102
kAG (N) 3.20x107 2.67x103 2.93x106 2.13x107
P4 (kg/m) 471 0.76 8.88 3.14
pi (kgm) 8.83125x10'S 2.53x10'5 0.000296 2.62x10'S

Table 6.2 Natural frequencies of a three-layered sandwich beam with cantilever end conditions.

Natural frequencies (rad/s)

Example 1 Example 2
Frequency
Using the theory Using the theory
e of Banerjee and  Present Theory  of Banerjee and  Present Theory
Sobey [6.8] Sobey [6.8]
1 291.687 291.50 776.09 776.4
2 1691.39 1684.48 3880.57 3841.1
3 4669.07 4623.98 8899.37 8753.1
4 9104.77 8945.18 11461.7 11459.2
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Figures 6.3 and 6.4 illustrate the first four natural frequencies and mode shapes of the two
cantilever sandwich beams. The results reveal some interesting features. For the first example the
modes are all dominated by flexure (W displacement). This occurs because of the soft core and
strong face materials. The fundamental mode exhibits flexural displacement associated with
small axial displacements (U\ and Uj) of the face layers that are moving in opposite directions.
The second and third modes have similar trends, but the fourth mode is a pure flexural one. In
the second example, where the central core is replaced by lead, the first three modes are similar
to the ones shown for the first example so that the free vibratory motion is predominantly
flexural. However, the fourth mode is purely axial with Ul and U3 displacements in the same
direction, but no flexural motion. (Note that the two graphs shown in Figure 6.4 and Figure 6.5
for Ul and U3 in the fourth mode are coincident.) This is in sharp contrast to the fourth mode of
the first example. The high density and low Young’s modulus of lead used for the core in the
second example is the main reason for this type of mode. This is in accord with the earlier

investigation carried out by Banerjee and Sobey [6.8].
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Figure 6.3 Natural frequencies and mode shapes of the three-layered sandwich beam of Example 1 (....) U-
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Figure 6.4 Natural frequencies and mode shapes of the three-layered sandwich beam of Example 2 (....)
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Figure 6.5 The plot of error against 2/L of Example 1
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(2 +h2+h3)/L

Figure 6.6 The plot of error against #/L of Example 2
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6.4 Modal testing of sandwich beam samples and the ANSYS finite element analysis

Experimental measurements of natural frequencies of three sandwich beam samples have
been carried out using an impulse hammer kit with its associated software for data capturing
and analysis. The beam samples are fabricated from aluminium, steel and rubber sheets that
are pre-treated and polished first. Later they are degreased using acetone for 2 minutes before
applying the adhesive (Araldite 2011). The surfaces are then dried and the adhesive applied
evenly using a glue gun on the rubber surface, and the metal skin is laid on top for each side
at a time. This is repeated for the other side of'the rubber after allowing for 24 hours of curing
time. Once the adhesive is applied the sandwich samples are cured for a further period of 24
hours in a press. Basically, the samples are laid on the base of the press between two thick
metal plates to ensure pressure is distributed evenly all through the structure. The finished
products are (with thicknesses shown in parentheses): (i) aluminium (2 mm)-rubber (18
mm)-aluminium (2 mm), (ii) steel (1.5 mm)-rubber (18 mm)-steel (2.4 mm), and (iii) steel
(1.5 mm)-rubber (18 mm)-aluminium (2 mm), sandwich beams of length 500 mm and width
50 mm for each.

The experimental modal testing set up using the impact hammer kit consisting of a PC
driven ACE dynamic signal analyser and an accelerometer is shown in Figure 6.7. All test
specimens were cantilevered with one end fully built-in in order to prevent all displacements.
The accelerometer is set at a fixed position on the test specimen, which is considered to be the
reference point while the impact hammer is used at a number of points to generate the
excitation forces on the test specimen, corresponding to the degrees of freedom allowed in the
model. The location of the driving and measurement points is carefully chosen to identify all
important modes of vibration of the structure within the desired frequency range. The transfer
function between the driving force and the resulting response is computed using the data
obtained during the measurement. Sandwich test specimens are excited at specified grid
points that define the number of degrees of freedom of the structure. The Dynamic Signal
Analyser system is used to extract force and signal response from the structure under test. The
response signals recorded by the accelerometer attached to the test specimen and the force
signals recorded by the force transducer fitted inside the hammerhead are averaged from three
repeated excitations and measurements at each location. The signal analyser further processes
these signals and the frequency response functions (FRFs) are plotted against frequency from

which the natural frequencies are identified (Figure 6.8 and Figure 6.9). The first three
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measured natural frequencies of the above three specimens (except for the third natural
frequency of sample 3 which apparently did not show any peak) are shown in Table 6.3
alongside those calculated using the present theory as well as using the commercially
available software ANSYS22. Eight-node tetrahedral structural solid element SOLID 45 was
used for the finite element analyses. The element has three degrees of freedom at each node:
translations in the nodal x, y, and z directions. Mesh refinement was performed until the
changes in the results were sufficiently small. A representative meshed sandwich beam
having 2,042 elements and 642 nodes is shown in Figure 6.10. Reduced method was used for

mode extraction.

Figure 6.7 Experimental set up for modal testing of a cantilever sandwich beam
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% DAMPING VARIATION

Chapter 6

7.494
0.374E-02

Figure 6.8 Circle-fit for the 4th mode of the steel-rubber-steel sandwich beam and its damping

Figure 6.9

properties

aluminium sandwich composite beam
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Figure 6.10 A representative meshed sandwich beam using ANSYS 10 (SOLID 45 elements)

Although there are some variations in the three sets of results, taken overall, the theoretical
and experimental natural frequencies match reasonably well. The natural frequencies using
the present theory agrees very well with ANSYS results which are based on the plate theory,
with the exception of the first natural frequency of the second sample. The author has been
unable to pin-point the exact reason for this. However, for the discrepancies with
experimental results, part of the problem lies in the difficulties encountered when carrying out
the experiment, particularly when applying the built-in boundary condition at one end of the
cantilever sandwich beam. The properties used for rubber in the theoretical analysis have been
averaged from the data given by different manufactures and some variations in the properties
are possible that may alter the results slightly. The proposed method, nevertheless, offers
optimism for future studies because the differences noticed are generally within engineering

accuracy.
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Table 6.3 Experimental and theoretical natural frequencies of a three-layered sandwich beam.

Natural frequencies (Hz)
ANSYS

Sandwich Beam Specimens Frequency Experiment
No (i)
1 11.25
(1)Aluminium-Rubber-Alum inium 2 33.75
3 93.75
1 10.62
(ii) Steel-Rubber-Steel 2 29.38
3 53.75
1 10.63
(iii)Steel-Rubber-Aluminium 2 29.38
3 -

6.5 Conclusions

11.47
34.92
7391
10.89
33.10
63.49
10.55
32.10
68.30

Present

Theory

10.46
36.31
75.94
9.04
33.88
63.73
9.45
33.30
70.74

% difference
with

Experiment
(and ANSYS)
7.02 (8.81)
7.59 (3.98)
19.0(2.75)
14.9(16.8)
15.3 (2.36)
18.6 (0.38)
11.1 (9.95)
13.3 (3.74)
(3.57)

An accurate dynamic stiffness matrix for a three-layered sandwich beam of asymmetric

cross-section has been developed using Timoshenko beam theory, Hamiltonian mechanics

and symbolic computation. The resulting dynamic stiffness matrix is applied using Wittrick-

Williams algorithm to compute the natural frequencies and mode shapes of some illustrative

examples. An impulse hammer test has been carried out on three different sandwich beam

samples and the experimental results match reasonably well with theoretical predictions using

the present theory and ANSYS. The investigation provides optimism for future studies on the

dynamic analysis of complex sandwich structural systems.
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7 Rigidity properties of composite beams

7.1 Introduction

The material bending-torsion coupling is one of the most important characteristics of
laminated fibrous composite structures, which can be used in design process to prevent
aeroelastic phenomenon such as divergence or flutter of aircraft wings [7.1]. This is possible
because the material coupling effect is mainly dependent on the fibre orientation in the
laminated composites and so can be manipulated by the designer to achieve desirable
aeroelastic effects. The material coupling property of composite structures has been taken
advantage of in many other ways, especially in aeroelastic tailoring work [7.2, 7.3] and its full
potential has yet to be realised. Bending-torsion coupled composite beams or columns have
been characterised in the literature [7.4, 7.5] by three important parameters, related to the
flexural rigidity {El), the torsional rigidity (GJ) and the material bending-torsion coupling
rigidity (K). Several theoretical and experimental estimates of these rigidities have been
reported in the literature for various thin-walled (rectangular or cylindrical tubes) laminated
fibrous composite beams/columns [7.6, 7.7].

The macromechanical properties of the composites form the background of the
aeroelasticity of composite wings. The rigidities (static) and other properties need to be
known in advance as they are used in the design data. As a consequence, the search for a
refined theory for evaluation of properties that can be safely applied to the special case of
composite wing has been going on for some time. The challenge has been on how to
determine the theoretical and experimental values of the rigidities. The development has lead
to the establishment of the cross-coupling parameter, \[/, which is a measure of bending-
torsion coupling present in a structure, thus establishing trends, generalising the results and
also underpinning the aeroelasticity of composite wings. The laminate analysis is based on
assumptions that the laminate is thin and that the bond between the plies in a laminate is
perfect. Other assumptions include the small deformation theory, macroscopic homogeneity,

plane stress and the theory of linear elasticity.
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7.2  Theory

7.2.1 Composite beam o fsolid cross-section

At any cross-section ofthe beam, (see Figure 7.1), the relation between the internal bending

moment resultant, M, torque, 7, and the beam curvature gr— and the twist rate, E , may be
Yy

expressed as,

El -KIih"]

7.1
K Gjljylj 7-h

where primes denotes differentiation with respect to y, the axial coordinate.

X

Figure 7.1 Coordinate system and sign convention for positive ply angle of a laminated composite

beam

The moment-curvature and in-plane stress- strain relations for the general case of a laminate

can be established as follows,

A B £\
: B D k\ (7.2)
fit-
where
Nx
AH p~ are in-plane forces,
N”
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Mx'
M=\ My >are the out of plane bending and twisting moments,
My

K
k= <y pare the bending and twisting curvatures,

and Aj, BJand Dy are the in-plane, coupling, and flexural moduli respectively.

For generally orthotropic ply, the laminates are usually constructed in such a way that the
principal material axes do not coincide with the material reference axes - to get the required
stiffness and strength of an element in desired directions. This means the material properties
are a function of orientation at a point in the ply. For isotropic case, the properties are the
same in every direction at a point in the ply and hence not a function of orientation at a point
in the ply. Anisotropic ply has no planes of material property symmetry through a point in the
ply - the properties are therefore a function of orientation at a point in the ply. The stiffness
matrix defining a composite structure is dependent on A, B and D matrices that comprise
elements Ay, By and Dy respectively. The Ay terms describe the extensional stiffness which
relate the membrane (in-plane) forces to the laminate mid-plane membrane strains. The By
terms are the coupling stiffness that relates the membrane forces to the out-of plane curvature
deformations. It can therefore, be said that, an extensional force on a laminate with non-zero
By term possess extensional deformations and also twisting and/or bending deformations of
the laminate. Clearly, any applied moment in a laminate with coupling stiffness terms present,
will cause an extension ofthe middle surface.

The Dy terms relate the moments to the bending curvatures. It is evident that the coupling
and bending stiffness terms By and Dy respectively are dependent on the ply position relative
to the laminate mid-plane unlike the Ay terms, which are also dependent on the ply thickness.
Depending on the way the fibre angle in the ply and the sequence in which the plies are
stacked, some of the terms may turn out to be zero. Other terms may be eliminated or
minimised. A symmetric laminate of multiple generally orthotropic plies exhibits no coupling
between bending and extension, i.e. By terms are zero, and the B matrix will decouple to give
load-deformation relationship for the force intensities. In such a case, the Ay, and Dy,

particularly 413, A=23, D13 and D23 terms are required to produce coupling between normal
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forces and shearing strain, shearing force and normal strains, normal moments and twist, and
twisting moment and normal curvatures.

The symmetry of a laminate about the middle surface is sometimes desirable to increase
aeroelastic stability by selection of laminate thickness and fibre orientation. However, in
many industrial applications, laminated composites require non-symmetric lay-up to achieve
design objectives. A good example is on the coupling between extension and twist, which is a
necessary feature to design jet turbine fan blades with pre-twist. The antisymmetric lay-up
displays extension-torsion coupling and bending-shear coupling, instead of the bending-
torsion coupling and extension-shear coupling expected in the symmetrical case. As such, the
coupling between normal forces and shearing strain, shearing force and normal strains,
normal moments and twist, and twisting moment and normal curvatures are non-existent in

the antisymmetric laminates.

In the case of mid-surface symmetrical laminate, the elements of matrix B of Egs. (7.2) will
be zero and thus the relationship between bending moments, twisting moments and curvatures

may be expressed in Cartesian axis system as follows

M x i- D2 Du
My .= D\2 D 22 ~D3 <K
i D3 DXB ve g

The element Dy are anisotropic flexural moduli of a laminated composite plate and are
functions of laminate ply geometry, material properties and stacking sequence, while kx, ky
and k are the plate curvatures.

Now, if the coordinate system shown in Figure 7.1 is adopted with the y-axis aligned in the
spanwise direction and the fibre angle measured from y- to x-axis, then, Egs. (7.3) must be
modified as

X D2 Du Dy, g
My .= Dn py ,, <ky
X . pn pa DI

Using the coordinate system given in Figure 7.1, with no chordwise moment Mx, but with

spanwise moment Myand an end torque Mxy, Eqs. (7.4) is modified as follows,
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0 D2 pDn pj3 K
My == A2 pu Dn g (7.5)
M> D3 pn A ok

By eliminating kx we can deduce that,

NMyN d 22 -d 2/du D23-D u Du /D u

(7.6)
— w.| Dji-DnDu/Dn D33-D{3/au

An element by element comparison between Egs. (7.1) and Egs. (7.6) shows that,

El=c{d22-D 2D u) (7.7)
GJ=4c¢(D33-D?3/Dn) (7.8)
K=2¢ {DI3-D uDJ]3Du) (7.9)

where c is the plate chord.

7.2.2 Flat Beam: A High-Aspect-Ratio Plate (HARP) model

In the case of mid-surface symmetric laminated plate, the relationship between plate
bending moments, twisting moment and curvatures may be expressed as

d2w d2w d2w

kr = ‘7 s kxy = -2 (710)

dx1 dxdy

If the same coordinate system and sign convection is used as in Figure 7.1, the plate

deflection w(x,y), the beam deflection /4(y) and rotation )/(y) are defined as,

hiy)=w(0,y) (7.11)
and
dw

viy) (7.12)
& x=o

The plate curvature in this case can be approximated as follows:

ky =-e (7.13)

and

e 2d7w =-V (7.14)
: dxdy

The relationships between moment resultants on the beam cross-section and those on the

plate cross-section are defined as [7.8]

M =-Myc (7.15)
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T =2cMxy (7.16)
where c is the plate chord. Again, by elimination and substitution procedure Egs. (7.5)
reduces to the following form, as Egs. (7.1),

D2-—Dn/Du  22Z)B—A A 3/A 1)

(A3 ~A2A3/A1) —A3/A1) |

An element by element comparison between Eqs. (7.1) and Egs. (7.20) show that,

(7.20)

El ¢c®@P2 As/A1) (7.21)
GJ=4c (ix -D;3/D.) (7.22)
K 2¢(Am—A 2A 3/ A 1) (7.23)

A stiffness cross-coupling parameter, y/, is identified as a measure of bending-torsion
coupling present in a structure [7.9]. This non-dimensional parameter is defines as,

K
V. JEIGJ

V(A1A 2~ A 2XA3A 2~ A 3)

(7.24)

with limits

1 <y/>a (7.25)

The above limits of the bending-torsion coupling parameter enables one to categorise a
beam-like structure as highly coupled, with values of \ii near unity.

Egs. (7.12) and Eqgs. (7.13) have been used as approximations to the plate curvatures in
order that the dimensional plate model to be reduced to a one dimensional beam model. It is
also worth noting that in the above plate model the chordwise curvature kx or “camber”

bending has not been restrained.

7.2.3 Flat beam: A Chordwise-Rigid Laminated Plate (CRLP) model

In realistic wings high torsional rigidity is usually provided by closely spaced ribs. When
this is the case, chordwise rigidity can be assumed in terms of bending displacement and
torsional rotation, and a modified flat beam (plate) model can be used to calculate the stiffness
ofa wing (beam). The approach used originally to symmetrical balanced laminates [7.10] and

later to symmetrical, unbalanced laminates [7.9] is hereby used to develop the model.
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The assumed displacement
w(x,y)=e(y)-xy/{y) (7.26)
is used for plate deflection. The assumption of chordwise rigidity results in the following
expressions for plate curvatures:
kx =0; ky =-0 ;ky=-28 (7.27)
Therefore, Egs. (3.3) reduce to

M x £2 pn £3 0
My w= pn A1 As -6 (7.28)
MY Pi3 As As. -2/

In this case the chordwise moment, Mxis not zero, but is given by

Mx - -Du# -2 £23 (7.29)

Using the same relationships between moment resultants on the beam cross-section and
those on the plate cross-section as in Eqgs. (7.15) and Eqgs.(7.16), the bending, torsional, and
coupling stiffness for the chordwise rigidity laminated plate can then be obtained from Egs.

(7.28) as follows,

El =cDx (7.30)
GJ =4c2)3 (7.31)
K =2cDu (7.32)

which means,

As (7.33)

A term by term comparison between Eqs. (7.30) to (7.32) and Egs. (7.21) to (7.23) shows
that HARP and CRLP models are identical only when the term D22 tends to infinity (i.e

chordwise rigidity assumption).

7.2.4 Stiffness modelling o fthin-walled single-cell composite beams

For a typical thin-walled beam the stiffnesses may be denoted as Q, where i, j can be
numbers from 1-6. Such a model is Bemoulli-Euler beam in bending and St. Venant in
twisting. It is a simplification of that of Refs. [7.11] in that section warping and transverse

shear deformations are neglected.
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Twisting deformation corresponds to Eqns. (7.37) and spanwise bending to (7.38). The

appropriate stiffnesses are [7.11]

442
Cu = . (KI2s (7.34)
c
Knds (7.35)
CY =<"Kuz 2ds (7.36)

where y, z and s are the special coordinates, Ae is the enclosed area of the cell and ¢ is the

circumference of the cell.

The wall plane stress stiffensses are

ku=au-(au)2/a2 (extensional) (7.37)
Ku =Als-AnA2/Az2 (coupling) (7.38)
722 ~Ab—fa D)2!a 2 (shear) (7.39)

The in-plane stiffnesses associated with 4 -matrix come from the membrane version of
classical lamination theory.

Au=YfiThk (k=126 (7.40)

The stiffnesses ayk) are the plane stress stiffnesses for the k-th ply. The ply thicknesses

are hk,and N is the total number of plies.

Both the high-aspect-ratio plate (HARP) and chordwise-rigid laminated plate (CRLP)
models do not account the transverse shear effects that occur on thin-walled (single and multi-
celled) torque boxes used in the aircraft wing design. From the literature review, two
methods, the circumfrential uniform stiffness (CUS) and circumferentially asymmetrical
stiffness (CAS) have been considered for thin-walled beams. The CUS configuration
produces extension-torsion and bending shear couplings [7.1], The axial, coupling and shear
stiffness 4, B and C given in Eqgs. (7.41) to Eqgs. (7.43) are constant through out the cross-
section, and the ply lay-ups on opposite flanges are of reversed orientation. The CAS

configuration produces bending-torsion and extension shear couplings [7.1]. The stiffness 4
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in Egs. (7.41), is constant throughout the cross-section while the coupling stiffness, B
(Eqgs.7.42) in opposite members is of opposite sign. The stiffness C Egs. (7.43) in opposite
member is equal. The ply lay-ups along the horizontal members are symmetrical. The
stiffness A, B and C are related to the usual laminate in-plane stiffness matrix 4 of classical

lamination theory as follows,

= - Z (7.41)

SN CRY (7.42)
\% "2 )

C :4((1,,—A ;2/ad (743)

7.3 Parametric studies on various flat and box composite beam models

The cross-sectional (static) rigidity and other properties of the wing are used as data, are
known in advance, and are used to get the insight in to the characteristics and the resulting
into coupling behaviour of composite beams (wings). A composite wing is characterised by
its three main rigidities i.e. £/, GJ, and K. The role of material coupling rigidity, K, which is
dependent on ply orientation and stacking sequence, is of great significance for composite
wings because it can be exploited to an advantage for the purpose of aeroelastic tailoring. In
preliminary design stage, the rigidity and deflection characteristics of flat beam or thin-walled
beam are used to understand and study the bending-torsion features of actual lifting surfaces
with moderate-to-high aspect ratio. Both the flat beams and box-beams have ply symmetry
with respect to the middle surface. Since the stiffness are symmetrical about 6= 90°, the fibre
angle is allowed to vary between 0° and 90°.

The illustrations that follow show the £/, GJ and K as a function of ply angle, for the flat
beam. The bending stiffness data has been non-dimensionalised with respect to the E/ref and
GJres, the bending stiffness and torsional rigidity respectively, of the beam model when the
fibre angle of all sides is set to 6 = 0°. To start with, an investigation is carried out on an
unswept wing with a length (L) = 0.6 m, width (¢) = 0.0762 m, thickness (2) = 1.876 mm,
mass per unit length (m) = 0.2172 kg/m and mass moment inertia per unit length, /la =

0.1052x10'3kgm. The beam is made of 14 - ply graphite/epoxy laminate. Figure 7.2 displays

145



Chapter 7

the stiffness properties of the flat beam. The aim is to determine where the bending - torsional
coupling parameter, )/, is at a maximum, which influences the maximum achievable flutter

speed. The bending, torsional and bending-torsion coupling rigidities are calculated and

subsequently used in free vibration and flutter analysis of the composite wing in the next

chapter.

Figure 7.2 The bending rigidity (E!), torsional rigidity (GJ), bending-torsion coupling rigidity and

bending-torsion parameter j/ of the 0i4flat beam. Note: ( -1<*<I and has no units)

The second type of composite beam considered has featured in the literature [7.12] from a
programme of research at the Massachusetts Institute of Technology, USA. This beam is
hereafter referred to as MIT-beam. The MIT-beam is flat and of solid rectangular cross-

section with stacking sequence [£%0]s. Table 7.1 displays the material properties of the two

beams.
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Table 7.1  Material properties for the |$/0|2MIT glass epoxy beam model and the glass epoxy box -
beam GIT model.

Property Flat beam Box beam
Ei, 98 GN/m= 206.9 GN/m-=
Ew 7.9 GN/m-= 5.17 GN/m=
t>12 0.28 0.25

G2 5.6 GN/m= 3.1 GN/m=
Gn 0.2356 GN/m-= 3.1 GN/m:=

P 1520 GN/m2 1529 kg/ms

Figure 7.3 (below) illustrates the stiffness properties of MIT beam using this study. The
laminated composite beam (+02/0) $shas the following characteristics; length (L) = 0.3048 m,
width (¢) = 0.0762 m, thickness (¢) = 0.804mm, mass per unit length (m) = 93.1225x10'3kg/m
and mass moment inertia per unit length, /a = 45.0641985x10~6 kgm. As can be seen from
the graph, Figure 7.3 the stiffness are symmetrical about 9= 0° and the ply angle is allowed to
vary between 9 =0° and 90°. The maximum bending resistance is obtained when the fibres
are aligned in the direction ofthe applied membrane i.e. when 9 = 0° and the load falling off
rapidly with a small change in the ply orientation. Similarly, the least bending resistance is
obtained in the transverse direction when 9 = 90°. The maximum shear modulus GJ is
obtained when 9 - 25°. The bending - torsional coupling stiffness is greatest in the region of 9
~ 15 - 25° (slightly off the intersection point of £/ and GJ) and leading to infinity at /? = 0°
and 90°. The bending - torsional coupling parameter, y/, maximum value are at about 9 =
20°, and falls gently to infinity at both when 9 = 0° and 90°. Significance of these results is

reflected on the predicted results ofthe free vibration and flutter analysis discussed later in the

following Chapters (9 and 10).
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Figure 7.3 The bending rigidity (El), torsional rigidity (GJ), bending-torsion coupling rigidity and

bending-torsion parameter y/ of the MIT beam Note: ( -1<*<1 and has no units)

In the third example, a single lamina made of glass epoxy of length (L) = 0.1905m, width
(¢) = 0.0127m, thickness (/) = 0.00318m, £/=9.71 GN/m2, E2=3.25 GN/m2, G12=0.9025
GN/m2, G?7i=0.2356 GN/m2 G/j=0.9025 GN/m2, p = 1347 kg/ms and vi3 = 0.29 was
investigated. As can be seen in Figure 7.4, the highest value of £/ is at 6= 0° while for the GJ
is at 0 = 25° similar to other cases examined on this study. The beam is highly coupled

between the region of 9~ 20 - 25°, where the maximum values )/ are obtained.
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Ply angle (Degrees)

Figure 7.4  The bending rigidity (E1), torsional rigidity (GJ), bending-torsion coupling rigidity and

bending-torsion parameter , °f fibre-glass reinforced flat beam model. Note: ( -1<(*<l and has no units)

Further, an investigation is carried out on an aircraft wing modelled into a thin-walled single
cell cross-sectional shape, box beam, made of graphite/epoxy. The type of composite beam
considered has featured in the literature [7.13] and is referred to as GIT-beam [7.13] because
it stems from research at the Georgia Institute of Technology, USA. The GIT-beam is of box
cross-section with lay-ups for the top, bottom, front and rear sides being [+9I+ 9/, [-QI-0),
[10/-6\ and [-01+6\|, respectively. Table 7.1 displays the material properties of the two
beams. The configuration ofthe GIT beam, which has a length 0£2.032 m, is shown in Figure
7.5. The ply angle is varied from 0° to 90°, depending on the configuration of the cross
section. The box-beam is of length (L) = 2.032m, depth, (#) = 0.0508 m, width (c) =
0.254mm, thickness (f) = 0.254mm, mass per unit length (m) = 5.82216 kg/m and mass
moment inertia per unit length, Ia = 3.3162 x10° kgm. Comparison of the results obtained
from various theories: Rehfield Simplified Formula (RSF) [7.14], Armanios General Formula
(AGF) [7.15] and Armanios simplified Formula (ASF) [7.16], are all used to determine the

exact results and thereby reflecting the significance of the study. It should be recognised that
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the box-beam can be idealised as two flat beams (one at the top and one at the bottom)

although this is not covered in this study.

25.4 cm N
+e/+e

Figure 7.5 Configuration of the GIT box beam - ¢ and b are centreline dimensions

Comparison of the results obtained from RSF, AGF and ASF in Figure 7.6 shows that the
three formulae estimate the values £/ to almost the same value though varies a little bit for
AGF case in all the angles expect between 0~ 20 - 30°. The GJ graphs (Figure 7.7) are same

at 0= 0- 10° and 9= 90°, with the greatest values obtained from ASF. The approximations
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obtained for K (Figure 7.8) from RSF and AGF shows only a small variation although those
of ASF remain significantly very small. On ASF, as can be seen on Figure 7.6-7.9, both )/
and K are very small as compared to £/ and GJ. The highest value of E/ is obtained at 0=10
while for GJ it is between (0 =40° and 0 - 50° unlike in any other case studied on. Both £/ and
GJ intersect at about 6= 22° and both fall to infinity at 9 - 90°. It can be said that the shear
resistance is significantly high though this might not be necessarily true as can be
demonstrated by the results obtained from Rehfield Simplified Formula and Armanios
General Formula of the same beam under the same conditions. The results obtained through
the Rehfield Simplified Formula displays bending rigidity (El), torsional rigidity (GJ),
bending-torsion coupling rigidity (K) and bending-torsion parameter )/ of the box-beam with
significantly values much higher in comparison to the flat beams studied earlier on. Again the
results are symmetrical at 9= 0°. The ply has a high bending rigidity as compared to the
torsion rigidity. However, bending-torsion parameter )/value is very small compared to the
ply rigidities. The results obtained through AGF are very much similar to those of RSF. The
maximum values of E/ are at 0= 0° while for GJ it is 0-2 0 - 30° with both rigidities having
an even value at approximately 0—27°. Like in the previous case, bending-torsion parameter

ysvalue is very small compared to the ply rigidities.

Figure 7.6 The comparison of the bending rigidity (E/) for the box-beam obtained through Armanios
Simplified Formula (ASF), Armanios General Formula (AGF) and Rehfeild Simplified Formula (RSF).
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Figure 7.7 The comparison of the torsional rigidity (GJ) for the box-beam obtained through
Armanios Simplified Formula (ASF), Armanios General Formula (AGF) and Rehfeild Simplified
Formula (RSF).

Figure 7.8 The comparison of the bending-torsion coupling rigidity (K) for the box-beam obtained
through Armanios Simplified Formula (ASF), Armanios General Formula (AGF) and Rehfeild Simplified
Formula (RSF)
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Figure 7.9 illustrates the bending-torsion parameter, i, from the three theories on box

beam, RSF, AGF and ASF. Still ASF results are too small to be displayed. Both AGF and
RSF have the same approximations at 0=0 —10° and at 9= 85 - 90° and varies significantly
in every other ply angle. The comparison successfully shows that various results can be
obtained in various cases on variation to the ply angle. Thus, it will then be upon the wing
designer to choose the right ply orientation to achieve the desired results. It is also evident
that changes in chord length affect the rigidities as this affects the aspect ratio of the beam
(wing). The stiffness are symmetrical about 0= 90° in all case when the fibre angle is

allowed to vary between 0° and 90°.

Ply angle (Degrees)

Figure 7.9 The comparison of the bending-torsion coupling parameter, \|/, of the box-beam obtained

through Armanios Simplified Formula (ASF), Armanios General Formula (AGF) and Rehfeild

Simplified Formula (RSF)

7.4 Conclusions

The study shows that it is possible to design laminates to exhibit a desired set of stiffnesses.

The antisymmetric lay-up beam displays extension-torsion coupling and bending-shear
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coupling, instead of the bending-torsion coupling and extension-shear coupling expected in
the symmetrical case. As such, the coupling between normal forces and shearing strain,
shearing force and normal strains, normal moments and twist, and twisting moment and
normal curvatures are non-existent in the antisymmetric laminates. The Ay terms describe the
extensional and stiffness which relate the membrane (in-plane) forces to the laminate mid-
plane membrane strains. The By terms are the coupling stiffness that relates the membrane
forces to the out-of plane curvature deformations. It can therefore, be said that, an extensional
force on a laminate with non-zero By term posses extensional deformations and also twisting
and/or bending of the laminate. Furthermore, any applied moment in a laminate with coupling
stiffness terms present, will cause an extension of the middle surface. The Dy terms relate the
moments to the bending curvatures. It is evident that the coupling and bending stiffness terms
By and Dy respectfully are dependent on the ply position relative to the laminate mid-plane
unlike the Ay terms, which are dependent on the ply thickness. The magnitude and sense
(sign) of D13 and D23 terms are crucial in determining the direction and the extent of bending-
torsion coupling present in a structure - wash-in and wash out deformations. The signs of D13

and D23 terms depend on the coordinate system adopted and also on the definition of positive
fibre. Here a positive fibre angle results in positive reduced stiffness terms QF and as a

consequence in positive bending-torsion coupling stiffness, K. This in turn gives a positive
bending-torsion coupling parameter t/ - which is a measure of bending-torsion coupling

present in a structure.
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8 Coupled flexure-torsion buckling analysis of composite and metallic

columns

8.1 Introduction

Elastic stability (or buckling) of beams, plates, and shells is one of the most important
criteria in the design of any structure. Often, it is the critical design issue (even more than
strength) in sizing certain structural elements. Because of this crucial role of elastic stability,
it is extremely useful to have results of buckling analysis expressed in closed form, even if
they are approximate, whenever possible for design analysis [8.1-8.4], Although such
approximate analyses cannot replace an over-all elastic stability analysis of the entire
structure, the ease of implementation and the physical insight that such forms give allows
valuable design tradeoffs to be made in the preliminary design phase; which may lead to
significant improvements in cost and performance of the structural design. On this line of
interest, active buckling controls of laminated composite plates [8.5, 8.6], beams [8.7-8.10]
and beam columns [8.11] with surface bonded or embedded piezoelectric sensors that are
either continuous or segmented have been presented. The problem ofbending-torsion coupled
elastic buckling analysis of metallic columns has been extensively researched for the past six
decades and is well documented [8.12-8.14], However, a striking feature of most of this
research is that they focus on the flexural-torsional behaviour of an individual column [8.15].
In contrast, less work has been carried out on the stiffness matrix based solution, which
covers frameworks as well as individual members.

Only a very few investigators have apparently used the stiffness matrix method to solve
problems using coupled flexural-torsional column theory. They are Barsoum and Gallagher
[8.16], who formulated the finite element stiffness matrix of a bending-torsion coupled
column using an approximate displacement field, and Renton [8.17, 8.18] who used a method,
which derived the exact stiffness matrix from the classical differential equations of a coupled
metallic column. Renton's work is significant because it used exact classical theory as
opposed to the more usual approximate theory of finite element method. However, it appears
that his work was not followed up and has often been overlooked by later investigators. It
should be recognised that Renton developed his exact stiffness matrix before a well-known
algorithm [8.19, 8.20], which uses exact member theory to solve buckling and/or vibration

eigenvalue problems, was available. Wittrick and Williams developed this algorithm [8.19,
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8.20] to ensure the prediction ofany eigen-value with certainty, when using exact theory. This
algorithm has since featured in literally hundreds of research papers, using exact member
theory [8.21] when dealing with buckling and/or vibration problems for structures or
structural elements.

Investigation into the buckling behaviour of thin-walled composite structures is a relatively
recent phenomenon [8.22-8.24] and is mostly confined to laminated plates or structures
assembled from them. Kapania and Raciti [8.25] give an extensive bibliography on the
subject. A review of the existing literature about refined theory for the thin-walled composite
structures [8.26-8.30] reveals that thin-walled metallic beams exhibit geometric coupling
between bending and torsion, which generally occurs when the centroid (mass centre) and
shear, centre of the beam cross section are non-coincident. Thin-walled composite beams can
show additional coupling effect such as the flexural-torsional coupling due to anisotropic (or
directional) nature of laminated fibrous composites.

Following a rigorous formulation, the exact stiffness matrix is derived from the basic
bending-torsion coupled differential equations, which govern the elastic buckling behaviour
of composite columns. Thus, the stiffness expressions for the elements of the stiffness matrix
are based upon the closed form analytical solution of the governing differential equations.
These equations are simplified with the help of a symbolic computation package called
REDUCE. Simultaneous flexure and twist in a composite column, caused by both geometric
and material coupling terms, which are usually present in thin-walled cross-section are
included in the theory. Results for composite column with both geometric and material
bending-torsion coupling are given, discussed and commented on. Applications ofthe derived
stiffness matrices are discussed with particular reference to the Wittrick-Williams algorithm

that is generally used in transcendental eigen-value as in the present case.

8.2 Theory

8.2.1 Theoryfor composite columns

A straight uniform composite column of length L is shown in Figure 8.1, with xa being the
separation between the centroidal axis and the elastic axis, i.e. between the loci of respectively
the centroid and the shear centre ofthe cross-section. In the right handed coordinate system of
Figure 8.1, the Y axis coincides with the elastic axis, which is permitted flexural translation

u(y) and torsional rotation )//(y) as indicated, where y is measured from the origin. The
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constant compressive axial load (P) is assumed to act through the centroid of the cross
section. P can be negative, so that tension is included. Characterisation of bending-torsion
coupled composite columns by the use of three important parameters, namely the flexural

rigidity (El), the torsional rigidity (GJ) and the bending-torsion material coupling rigidity (K),

1s essential in the derivations, which follows,

Figure 8.1 The co-ordinate system and notation for a bending-torsion buckling of composite or

metallic beam

Using coupled flexural torsional beam theory for thin-walled composites with shear
deformation and warping stiffness neglected, the governing differential equations for static

behaviour are given by Mansfield and Sobey [8.31]

Elu""+Ky/m+P (u- xay/') =o (8.1)

GJy/mt Ku"+ P (roV * - xau') = o (8.2)

where primes denotes differentiation with respect to y; El, GJ and K have already been

defined above; and ro is the radius of gyration ofthe beam cross section about the Y axis, i.e.
the elastic axis, so that the polar second moment of area of the cross section is 47", A being

the cross sectional area.

Substituting
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£,-y/L and D-d/dd, (8.3)

into Eqns (8.1)-(8.2) gives

Dau(KL/El)Dy +pl2ei\d 2u- xaDV}=0 (8.4)
LD2/(KL/GJ)D3u - pL2!g j\ ¢ D2y - xaD2u}=0 (8.5)
Equations (8.4) and (8.5) can be combined into one equation by eliminating either u# or

y/g\Q

D2[d 2+a2"W=0 (8.6)
where

W- hory/ and a =bfl+c)/(\-a) a2=6(1+c)/(l-a) (8.7)
with

a=K2EI(GJ- Po)
b=PLYEIl (8.8)
¢ =Pxd/Elipj - Pr")

The solution ofthe differential equation (8.6) is

W(g) =Cl+C2x +C35 (a,”) +C4C(a,<") (8.9)
where C, - C4are constants, and
oc-\jfa?2 (8.10)

j = I when azis positive, j = -/ when a 2is negative and

7=1; =sinad; ; C(a,£) =cosag for a2>o (8.112)

j=-1;S8(a,g)=sinhad,; C(a,g) =coshfor a2<0 (8.11b)

W (£) in Eqn (8.9) represents the solution for both the flexural displacement u and the
torsional rotation )/ but with different constants. Thus

u(g)=C +CA+C35(a,g) +C4(a, g) (8.12)

ys(g) =C5+C6g +C7S(a,g) +C&(a,g) (8.13)

It can be readily verified by substituting equations (8.12) and (8.13) into equation (8.4), that

the constants C7 and C§ are related to the constants ¢3 and c4 by

C;=(v/Z)Cs+(y>alZ)Cyq (8.14a)
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(g={da/L)C3-(v/L)C4 (8.14b)
where
=*/(& /- Pr2); v=i>1x,/(a/- Pr@) (8.15)
t th
+
................ >V M M

Figure 8.2  Sign conversion for positive shear force (V) bending moment (M) and torque (T) at the

elastic axis.

Using the sign convention of Figure 8.2, the anticlockwise rotation 9(4), the bending

moment M (4), the shear force V' (c)and the torque 7'(q) can be obtained by substituting

equations (8.12) and (8.13) into the following equations

9(4) =(\/L)du/d4 (8.16)
M (£)=(EI/L2)d2u/d £2-(KIL)dy//dJ; (8.17)
V(4) =(EI/L2)d3u/d42+(K/L2)d2//d42+(P/L)(du/d 4 -xady//d 4) (8.18)

T(4) =(GJ/L)dyv/d4 +(K/L2Yd2ujd £ - (Pre/i"du/d4 +(Pxa/L)du/d4 (8.19)

The end conditions for displacements and forces, see Figure 8.3, are respectively,

atend 1 (4 =0); u=ux;, 9-9xand y/=yk (8.20a)
atend2 (4=1); u=u2; 9=92and y/=y/2 (8.20Db)
and

atend 1 (4=0); V=l M =M, and T =Tx (8.21a)
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atend2 (f=0);V =12, M=-Mz2and T =172

Figure 8.3 End conditions for forces and displacements at the elastic axis

Chapter 8

(8.21b)

Substituting equations (8.20) into equations (8.12), (8.13) and (8.16) and making use of

equations (8.14), the end displacements of the column can be related to the constants

C,-C4by
ux "1 ) ) 1 o o
o o VL a/L (o} o o (C2

¥ o o -a/u/L -v/Z 10 O
u2 11 sa o o C4
Q o VL aCJL _jgsJ L o o QO
Vo, o 0 kK/i KIL 1+ 1 4

or
U- AC
where

Sa=sina ; Ca=cosa for a2>0

S, =sinha ; C =cosha for «2<0

and
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K =~vSa- ccfiCamka =-ja/uSa- vCa (8.25)
Substituting the end conditions for forces given by equations (8.21) into Eqns (8.17) - (8.19)

and making use of Eqns (8.12)-(8.15), the end forces can be related to the unknown constants

I<11 '0 P/L 0 0 0 _P*JL e

M 0 0 ccvK/L2 ja 2(EI-juK)/L2 0 -K/L c2

i 0 _pPxjL 0 0 0 3

Vi 0 -pP/L 0 0 0 ~PeJ L Q

m 2 0 0 “U ? =, O © K/L Q

27 0 Pra/L 0 0 0 (@Pr)/l Q.
or
F =BC (8.27)
where
fa=avKCa+ja2(EI-MK)Sa (8.28a)
X, =ja2(EI-fiK)Ca - javk Sa (8.28Db)

Eliminating C from equation (8.27) with the help of equation (8.23) gives
F = KU (8.29)

or

K ' K K 12 K \Z K \4 K15 K X6 vs

k22 k23 k24 k25 k26 g