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Abstract

The use of fillers in materials engineering has long been used to improve material properties
such as strength, stiffness and toughness. However, these enhancements tend to occur at
the detriment to optical transparency in transparent polymeric materials. Nano-sized fillers
or nanofillers are thought to maintain the transparency of such materials due to their small
size. Moreover because of their smaller size, nanofillers have larger interfacial areas and can

therefore provide increased interaction sites (providing fine dispersion in the medium).

In this work, the nanofiller trisilanol-phenyl polyhedral oligomeric silsesquioxane (TSP-POSS)
was added to polycarbonate (PC) to create a series of polymer nanocomposites for the
intended use in transparent, lightweight armour. A variety of techniques were used to
characterise the structural, morphological, viscoelastic, optical and mechanical properties of
the polymer nanocomposites. A preliminary study into the effect of TSP-POSS on the

physical aging behaviour of polycarbonate was also carried out.

The effect of TSP-POSS on polycarbonate depended on its loading in the matrix and the type
of strain it was subjected to. Increases in toughness were seen in the nanocomposites in
comparison to the unmodified polymer and is thought to be due to the formation of a
stretchy hydrogen bonded network between TSP-POSS and the polycarbonate chains.
Spectroscopy and microscopy techniques suggest TSP-POSS is uniformly dispersed at the
nano- or molecular-scale within the polymer matrix, and therefore indicative of high
compatibility between the nanofiller and the polymer. Moreover, TSP-POSS can induce one
of two toughening mechanisms in the polymer matrix; at low loadings (0.1-0.3wt%) ductility
of the matrix increases to form stretched fibrils, at higher loadings (0.5-1wt%), potential
nanoscale TSP-POSS aggregates are observed, which appear to be involved in plastic void
growth. Both changes increase the energy absorbing capabilities of the polymer matrix.

Crucially, it was found that the optical transparency was maintained at all nanofiller loadings.

However, at higher strain rates the toughness enhancements of TSP-POSS disappear. This
could be due to the higher impact energy which overcomes the interactions between TSP-
POSS and the polymer chains, particularly if these involve weak bonds e.g. hydrogen.

Therefore, the TSP-POSS/PC nanocomposite studied in this work would be more suitable for



protective applications involving low velocity projectiles or even as lightweight, backing

materials for energy absorbing applications.
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Chapter 1 Introduction

1.1. Polymers in Defence
By utilising their energy absorbing capabilities, polymers can provide increased ballistic

protection to modern armour systems at a much lower weight [1].

Polymers can be used as trauma attenuating backings which help to protect the wearer
from blunt force trauma caused by deformation to the armour. Polymers are also used in
laminate structures e.g. bullet resistant glass, which are constructed from multiple layers of
tempered glass and an optically transparent polymer such as polycarbonate. Figure 1b
contains an example of a multi-layered bullet resistant glass. The tempered glass flattens
and erodes the projectile whilst the softer polymer absorbs and dissipates the impact
energy [2]. Additionally, transparent polymers such as polycarbonate can be used in ballistic

eyewear protection, shields and bulletproof glass applications [3].

In the event of armour perforation, polymers can also be used as spall liners which act to
catch the fragments, known as spall, and prevent them from causing damage to personnel
[2]. Figure 1a shows a typical impact resulting in spall. As the projectile impacts the armour
plate, energy is lost in deforming the armour plate. The polymer liner is placed behind the
armour plate in order to catch the spall and absorb the remaining momentum carried by the

spall.

Another notable polymer is Kevlar® which is used extensively in modern body armour to
reduce damage caused by physical, ballistic, stab and slash attacks. Kevlar fibres are made
up of highly oriented polymer molecules and have a high tensile strength which is over eight
times greater than that of steel wire. The fibres are tightly woven into a dense but
lightweight fabric which is able to resist large forces .When a bullet hits a Kevlar vest it will
try to force the fibres apart however the fibres are able to resist the motion of the bullet,
stretch slightly and absorb the kinetic energy of the bullet instead [4]. Figure 2 contains

defence systems where polymers have been applied.



(a)

Lead bullet Armour plate

Steel core
Spall
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Figure 1 (a) (i) an armour piercing bullet with a full metal jacket bullet prior to impact, (ii) the lead
outer deforms to absorb the majority of the impact energy which allows the hard steel core to
continue to move fast enough to penetrate the armour and (ii) the steel core deforms and
becomes blunt which results in spall [2] and (b) examples of bullet-resistant glass [5]



Figure 2 Examples of polymers applications in defence: (a) Police riot shields, (b) military armour,
(c) visors and (d) armoured vehicles [6-9]

1.2. Nanotechnology in Defence
Within the last decade research into nanotechnology has flourished, bringing with it

potential advancements to current defence technologies.

Nanotechnology offers the ability to work at the molecular scale to create structures with
novel and improved properties. Naturally, nanotechnology offers novel and exciting
opportunities in the development of military equipment with new properties, improved

performance and functionality and reduced costs.

Defence technology that could benefit from nanotechnology includes medical and sensory
devices, advanced materials and communication and weapons systems [10]. Moreover,
better protection from ballistic and blast impact is always needed; the increased number of
threats and increasingly sophisticated weapons mean that combat survivability is of the
utmost importance. Personnel protection is vital to reduce the threats encountered by
individuals who work in hostile situations such as soldiers, police and aid workers. Yet

necessary advancements of the impact resistance of armour materials can introduce



shortcomings similar to those of ancient armour; modern armour is heavy, bulky and rigid
and can therefore restrict the wearer’s movement and have a detrimental effect on their
performance. Research into the development of advanced armour from more lightweight

and flexible materials is currently of major interest [10-13].

Fillers can be used to enhance the strength of polymers however they can have a

detrimental effect on the optical transparency of transparent polymers.

1.3. Nanofillers

Nano-sized fillers have at least one dimension in the nanoscale. Consequently, nanofillers
have (i) larger interfacial areas and therefore more interaction sites than conventional
micron-sized fillers and (ii) unique size dependent properties which differ from the bulk
material. As a result of nanofiller addition, materials with improved and/or new
characteristics can be created. Moreover less filler material is required when using nano-
sized fillers due to their larger interfacial areas and they can therefore maintain the

mass/density of materials [14-16].

By incorporating nanofillers into polymer matrices, desirable properties of polymeric
materials can be enhanced whilst maintaining the advantageous properties of polymers
such as optical transparency, ductility, ease of processing, low mass and low cost. These
nanostructured materials are known as polymer nanocomposites and are a relatively new
class of material which have attracted considerable attention in a wide variety of fields,
including the defence sector. Polymer nanocomposites have been found to possess
enhanced mechanical properties and improved energy absorption and dissipation

capabilities in comparison to the original polymer [17,18].

Research has shown that the energy dissipation capabilities of polymers can be enhanced by
the addition of nanofillers [18]. Energy dissipation mechanisms include crack pinning, crack
deflection, debonding, void nucleation, shear banding, micro-cracking and bond formation.
As nanofillers have larger surface areas than their conventional micron sized counterparts
and therefore increased potential to interact with the polymer matrix, these energy

mechanisms may occur to a higher degree [1].



It has also been shown that energy absorption by fibre pull-out and fibre fracture is higher

for carbon nanotubes than for the corresponding macro fibre, carbon fibres [19].

Moreover, it is proposed that because of their small size, nanofillers can maintain the good

optical properties of transparent polymers compared to their micron-sized counterparts

[20]. From a transparent armour viewpoint this is a highly desirable result.

1.4. Aims of the Project

The main aim of this project is to understand the effect that the nanofiller trisilanol phenyl

polyhedral silsesquioxane (TSP-POSS) has on various physical properties of polycarbonate

and how it is able to maintain the good optical transparency of the polycarbonate matrix,

for the use in transparent armour applications. This will involve:

1) Synthesis of polymer nanocomposites — Chapter 3

A multi-step process involving melt blending will be used to promote good nanofiller
dispersion within the polycarbonate matrix;

2) Characterisation of the nanocomposites — Chapter 4

The dispersion state of the nanofiller and any effect it has on the overall morphology
and structure of the polycarbonate matrix will be investigated using techniques such
as x-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The effect of TSP-POSS on the viscoelastic properties and
chain dynamics of polycarbonate will be studied using dynamic mechanical analysis
(DMA). UV-vis will be used to assess the optical transparency of the nanocomposites;
3) Measurement of the mechanical properties of the nanocomposites at various
strain rates — Chapter 5

The influence of TSP-POSS on the mechanical properties will be investigated using
tensile tests, falling weight impact tests and split-Hopkinson pressure bar tests;

4) Preliminary investigation into the physical aging behaviour of the
nanocomposites — Chapter 6

Modulated differential scanning calorimetry (MDSC) will be used to study the
phenomena of physical aging in the nanocomposites. Physical aging causes the
properties of polymers to change and can result in reduced mechanical performance

and brittleness. Physical aging can be accelerated in polymers subjected to extreme



environments, which can very well be the case in combat zones. It is important

therefore, to study the effect of TSP-POSS on the physical aging of the polycarbonate.
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2.1. Introduction

Polymer nanocomposites are a relatively new class of material which have attracted
considerable interest in a wide variety of fields [21]. By incorporating nano-sized fillers such
as graphene, carbon nanotubes, nanoclays and inorganic particles, e.g. polyhedral
oligomeric silsesquioxane (POSS), into polymer matrices, desirable properties of the host

polymer can be improved.

Nano-sized fillers, or nanofillers, have a large surface area to volume ratio which results in a
large interfacial area and therefore increased interaction overall between the nanofiller and
the host polymer. Moreover, as at least one dimension is nanoscale in size, nanofiller
materials have unique, size dependent properties which differ to the properties of the bulk
material [18]. Additionally, traditional micrometric fillers must be added in large quantities
in order to properly function, however this often leads to a deterioration of properties e.g.
density increase, brittleness, opacity, workability etc. Nanofillers can help to maintain the
mass or density of polymers as less nanofiller is required to change the polymer properties
due to their larger interfacial area [14-16]. Providing good nanofiller dispersion, the
increased interactivity between nanofiller and polymer allows the unique properties of the
nanofiller to be better imparted to the polymer matrix in order to promote maximal
enhancement of properties; clearly, if the nanofiller particles form aggregates rather than
existing as single particles in the matrix, less nanoparticle surface is exposed resulting in a

decrease in the number of interaction sites.

Depending on the type of nanofiller chosen, improvements in physical properties such as
tensile strength, stiffness, toughness, thermal stability and electrical conductivity have been
reported [17,18]. The physical properties of polymer nanocomposites and the degree to
which such properties are improved depend on a variety of factors. For example, the
individual chemistry of both the polymer and nanofiller will determine the compatibility
between polymer matrix and the ability of the nanofiller to disperse uniformly in the
polymer matrix [16]. Again, fine, uniform dispersion is crucial to maximise the degree of
interaction between filler and the polymer matrix. The preparation method can also

influence these aspects. Some specific examples that also affect the physical properties of
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polymer nanocomposites include the length of carbon nanotubes and the cage structure

and type of POSS [1], [2].

Moreover, optical transparency can be maintained with the addition of nano-sized fillers;
due to their smaller size and finer dispersion in the polymer matrix in comparison to
conventional micron-sized fillers, nanofillers are less likely to scatter light and cause a

reduction in optical properties [7-9].

2.2. Polymer Nanocomposite Preparation Methods
There are four primary processing methods that can be used to synthesise polymer
nanocomposites: (i) melt mixing, (ii) in-situ polymerisation, (iii) solution mixing and, (iv)

template (or sol-gel) method [22].

2.2.1. Melt Mixing

Melt mixing is the typical method used to synthesise thermoplastic polymer
nanocomposites containing inorganic nanoparticles and carbon nanotubes. Melt mixing
involves the annealing of the polymer and nanofiller above the softening point of the
polymer. The mixture is subjected to high shear stress during the melting process e.g. by
rotating screws in an extruder, in order to promote dispersion of the nanofiller in the
polymer melt and break up any aggregates. In nanoclay-based nanocomposite systems, the
shear force contributes to the delamination of silicate layers. During annealing, intercalation
of the polymer chains can then occur more easily to form intercalated or exfoliated

polymer-clay nanocomposites.

Melt mixing is the most commercially attractive method as it is environmentally friendly in
the sense that it does not require large amounts of solvents such as in-situ polymerisation
and solution mixing (discussed in section 2.2.2 and 2.2.3, respectively), it is fast, simple and
capable of producing large volumes of sample. Moreover, melt mixing is more compatible
with existing industrial processes such as injection moulding, extrusion and internal mixing
than other methods, thus minimising costs. However, nanofiller dispersion is harder to
control in this method and is generally less effective at dispersing nanofillers. Filler-filler
interactions can lead to agglomeration. As a result, melt mixing is limited by nanofiller

dispersion. As well as this, higher viscosities cause processing difficulties.
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Figure 3 Flow charts of the most common preparation methods for synthesising CNT-based

polymer nanocomposites: (a) solution mixing, (b) melt blending and (c) in-situ polymerisation [23]

Additionally, polymer and/or nanofiller degradation can occur due to the high temperatures
and high shear rates involved in the process. For example, the high shear forces are
necessary to overcome the strong van der Waals forces between CNTs and avoid
aggregation, however they can fracture CNTs and decrease the aspect ratio of carbon
nanotubes, and the high temperature can degrade the surface modification of organoclays

[16,22,24,25].

Factors such as equipment type and design, processing conditions, compatibility of polymer
and filler, filler surface modifications and polymer type and molecular weight can all affect
the dispersion that will be achieved [16,22,24,25]. Ishafani et al. studied the effect of using
either a Haake internal mixer or a co-rotating twin screw extruder on the tensile properties
of organoclay/HIPS nanocomposites. They found that greater exfoliation of nanoclay
occurred in the extruded samples, creating a better quality sample that exhibited better
mechanical properties than the Haake mixed samples. Moreover, it was found that
increasing rotor speed during mixing caused the tensile modulus to increase. However, it
may also contribute to degradation as samples may experience greater shear rates which

result in an increase in shear heating [26]. It has also been reported that excessive shear
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force causes poor delamination and dispersion but increasing the mean residence time

generally promotes exfoliation, [16].

2.2.2. In-situ Polymerisation

In-situ polymerisation is where polymerisation occurs in the presence of the nanofiller, thus
removing the difficulty of intercalating large polymer chains between nanofiller layers. In
CNT-based polymer nanocomposites, nanotubes are simply added to a monomer solution
prior to polymerisation. Polymerisation can be initiated by heat, radiation or other methods
utilising a suitable initiator or catalyst. In nanoclay systems, the layered silicate is swollen by
the migration of a liguid monomer or monomer solution into its galleries, where
polymerisation then occurs to form intercalated or exfoliated nanocomposites. The degree
of clay exfoliation will depend on the nature of the organoclays and the balance between
intra- and extra- gallery polymerisation rates; if the intra-gallery polymerisation occurs with
a rate comparable to the extra-gallery polymerisation, the attractive forces between layers
will be exceeded to produce a disordered exfoliated nanocomposite structure. If the intra-
gallery polymerisation is slower than the extra-gallery polymerisation, the nanoclay will not
be exfoliated. Graphene-based polymer nanocomposites can also be synthesised using in-

situ polymerisation.

This method is most suitable for polymer nanocomposite systems which contain two-
dimensional nanofillers; the dispersion of two-dimensional nanofillers is enhanced by this
method due to the swelling of the nanofiller which causes an increase in the interlayer
distance and impedes aggregation. Advantages of this method also include the ability to
graft the polymers onto the surface of the filler, which can lead to increased interactivity
between nanofiller and polymer, as well as providing an approach to synthesise both
thermoset- and thermoplastic based polymer nanocomposites which are susceptible to
thermal degradation and would otherwise be unsuitable for melt methods. However, the
implementation of this method is limited as there is not always a suitable monomer or
compatible polymer-silicate system available. Melt mixing can overcome this problem

[16,24].
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Figure 4 Schematic representation of the common processing methods used to synthesise
nanoclay-based polymer nanocomposites: (a) in-situ polymerisation, (b) melt mixing and (c)

solution mixing [27]

2.2.3. Solution mixing

Solution mixing, or exfoliation adsorption is another multi-step, intercalative process which
involves: (i) dispersing (exfoliating in the case of layered silicates) the nanofiller in a solvent
by mechanical mixing, magnetic agitation or ultrasonication, (ii) mixing the nanofiller
solution with the polymer matrix/monomeric precursors either at ambient or elevated
temperatures where the polymer chains will intercalate and lastly, (iii) controlled removal of
the solvent either by evaporation or precipitation to obtain the nanocomposite, which is
usually in the form of a cast film. This method is utilised mostly in the case of polymer

nanocomposites based on carbon nanotubes, graphene or nanoclays.

This method is useful in the case of polymers which have either low or no polarity such as

PVA, poly (ethylene oxide), poly (vinylpyrrolidone) and poly (acrylic acid). However, the
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agitation methods used to disperse the nanofiller can again lead to defects or shortening of
CNTs, damaging the properties of the nanotubes. Furthermore, like in-situ polymerisation,
because of the large quantities of solvents used in this method it is difficult to apply this

method in industry.

2.2.4. Template Synthesis

The template, or sol-gel, method involves the formation of the inorganic filler within the
polymer matrix using an aqueous solution (or gel) containing the polymer and the filler
precursors. The polymer serves as a nucleating agent and aids the growth of the inorganic
filler. During the formation of the filler, the polymer chains become trapped within the filler
layers to form the nanocomposite. Theoretically, the template method is advantageous as it
is a one-step process, however it has serious disadvantages; the synthesis of clay minerals
requires high temperatures which can lead to polymer degradation and moreover, layered
silicate layers have a tendency to aggregate. It follows that this process is not commonly

used [22,24].

2.3. Properties of Polymer Nanocomposites
2.3.1. Mechanical Properties

2.3.1.1. Graphene-based Polymer Nanocomposites

In the literature it was found that the addition of graphene sheets into a polymer matrix can
have significant effects on the mechanical properties of the polymer matrix. In many cases,
properties such as Young’s modulus, yield strength and tensile strength were higher in the
resulting graphene-based polymer nanocomposites than in the neat polymer sample [28-
38]. The mechanical properties depended highly on the dispersion of the graphene sheets in
the polymer matrix. Poor dispersion leads to decreases in mechanical properties such as
elongation at break. Brittle behaviour was mostly found at higher nanofiller loadings where
aggregation and restacking of graphene sheets was more likely to occur [31-33,35].
Aggregation results in a decrease in contact area between the graphene and the polymer
matrix. Less contact reduces the degree to which the graphene can impart its unique
mechanical properties to the polymer. Moreover, the graphene aggregates act as stress

concentrators in the matrix, increasing the likelihood of brittle failure.
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Figure 5 (a-b) SEM micrographs showing the fracture surface of functionalised nylon 12 composites
created by Rafiq et al. at magnification (a) 50k x and (b) 100k and (c-f) The mechanical properties
of functionalised nylon 12 composites: (c) K;c measurements, (d) ultimate tensile strength, (e)

impact failure energy and (f) Young’s modulus [39]

The dispersion of graphene is affected by many factors such as the synthesis method used,
whether the graphene is functionalised, the loading level of graphene in the polymer matrix
and the formation of any bonds between the graphene and the polymer matrix, all of which

can be used to control the compatibility and interfacial adhesion between filler and matrix

15



Chapter 2 Literature Review

[28-32,34,35]. Figure 5 shows how functionalised graphene can improve the properties of

nylon 12.

2.3.1.2. Carbon Nanotube-based Polymer Nanocomposites
In the literature it was found that the addition of carbon nanotube structures into a polymer

matrix resulted in many changes in the polymeric material. Enhancements in mechanical
properties of the resulting nanocomposites, such as increased tensile strength, increased
elastic modulus and increased hardness were reported [40—-45]. Structural changes to the
polymer, such as increased crystallinity upon incorporation of CNTs suggest that the
nanostructures can act as nucleating agents which can benefit the polymer [40,41].
However, CNTs can also cause a reduction in mechanical behaviour of the polymer. In most
cases this is due to the formation of agglomerates at higher CNT loadings, resulting in poor
dispersion throughout the matrix [46]. Other factors that can affect the final properties of
the polymer nanocomposites include whether the CNTs are functionalised prior to their
addition into the matrix, the length of the CNTs used, nanotube helical angle and
orientation, processing method and conditions used, such as sonication time and choice of
dispersing medium [41,42,44-51]. Many of these factors affect the dispersion of CNTs in the
polymer matrix. Therefore, they can be manipulated to control and improve the CNT

dispersion, which in turn will affect the final properties of the resulting material.

Jia el al. showed how functionalised CNTs were involved in the toughening of polyimide (P1)
in PI/CNT nanocomposites. The found that upon deformation, tapered fibrils were formed
at the fracture edges (see figure 6). They proposed that upon deformation, the polymer
chains are stretched and aligned along the axis of the stiffer CNTs to form tapered fibrils.
The CNTs are tightly packed with the Pl macromolecules and they suggest that the CNTs
effectively act as stress concentrators. This long-range creep increases the energy
dissipation capabilities of the polymer matrix and allows it to withstand larger deformations

and thus increase its strength [52].
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Figure 6 (a) SEM micrograph of the fracture surface morphology of long CNT/PI nanocomposites
after ~150% deformation, clearly showing the tapered fibril structure formed around the carbon
nanotube caused by long-range creep of the Pl matrix and (b) TEM micrographs of the tapered

fibrils [52]

2.3.1.3. Nanoclay-based Polymer Nanocomposites
Addition of clay nanoparticles into polymeric materials has been found to alter the

mechanical properties of the polymer matrix. The incorporation of these rigid, inorganic
nanoparticles can help to enhance polymer properties such as elastic modulus, hardness,

scratch resistance, tensile strength and strain at break [53—-63].
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Figure 7 The variation in hardness and elastic modulus values of intercalated and exfoliated

PU/organoclay films synthesised by Yusoh et al. [61]

However, the improvement of mechanical properties depended on the amount of clay
loading. Typically, positive effects on the performance of polymer nanocomposites are seen
at low clay loadings. Higher clay loadings can lead to poor dispersion and agglomeration
within the polymer matrix and can even cause decreases in the mechanical properties
mentioned above that were seen to improve in the literature [53-55,64,65]. Many other
factors that can affect the mechanical properties of clay-based polymer nanocomposites are
the processing methods and conditions used, type of clay nanofiller, distribution of
nanofiller and the degree of compatibility between the clay and polymer materials
[54,55,63,64]. Compatibilisers can be used to treat the clay surface by creating loops and
tails to increase its interaction with the polymer. By cation exchange, the hydrophilic surface
of the clay is converted to one that is hydrophobic, like polymers, to create organoclays [17].
As a result of improved compatibility, clay particles will be better dispersed within the
matrix and will increase their effectiveness in reinforcing the polymer matrix. Organoclays,
surface modified nanoclays, were reported to improve the mechanical properties of
polymers beyond that of regular nanoclays. This is because of improved dispersion and
enhanced interfacial adhesion between the matrix and the clay nanofiller [58]. Increased
interfacial adhesion improves the effectiveness of load transfer from the polymer matrix to
the clay nanofiller. The behaviour of clay-based nanocomposites is also directly related to
their hierarchical microstructures; intercalated and exfoliated clay-based nanocomposites
are seen as superior in mechanical properties with an exfoliated clay structure being the

most desired [17,57,61]. Figure 7 illustrates this.
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In the literature it was found that the incorporation of nanofillers such as POSS, clay,
graphene and CNTs can have an effect on the impact properties of polymers. For each of the
above nanofillers, improvements were seen in toughness, creep resistance, crack resistance
and impact strength of the polymer nanocomposites containing them [126-143]. Some
polymer nanocomposites even exhibited super tough behaviour [126]. The effect of the
introduction of nanofillers on the impact performance and the degree of any improvements
of a polymeric material depended on a variety of factors such as the processing methods
and conditions involved, functionalisation and compatibilisation of the nanofillers, degree of
nanofiller dispersion and presence of aggregates, annealing of nanocomposite samples, the
size of the nanofiller and its alignment in the polymer matrix and in the case of CNTs,
chirality [86,123,126,128,131,132,134,135,137-139,141,142,144-147]. Mechanisms such as
crack pinning and crack deflection by nanofillers and pull-out of nanofillers and/or polymer
matrix can help to reinforce polymers and enhance their impact performance by increasing
the fracture surface area and thus the energy required for crack propagation
[126,134,136,141-143]. The formation of a cross-linked nanostructure within the polymer
matrix can also act as a toughening mechanism [148]. By modelling nanocomposite
behaviour, the effect of nanofillers can be investigated and compared to experimental
results. Differences between theoretical and experimental results can help to identify
important factors which affect the performance of nanocomposites, such as processing

methods that can then help towards optimising the nanocomposite [139].

2.3.2. High Strain Rate Properties

Polymers are highly rate-sensitive materials. In different frequency and/or temperature
regimes, the nature of the rate-sensitivity will change as various primary (a) and secondary
(8) molecular mobility mechanisms are accessed. The a-transition, or the glass transition as
it is more commonly known as, involves increased polymer segmental motion which results
in the polymer changing from a glassy to a rubbery state. In lower temperature/higher
strain rate conditions, additional stress is required to activate the 8 process in order for the
sample to yield. The motions associated with the 8-transition are more local than those of
the a-transition and involve movement of small groups along the polymer chain. It is
believed that nanoparticles can alter the local molecular level structure by influencing these

molecular motions as their dimensions are comparable to polymer chain segments. High
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strain-rate testing (<10%s™) and ballistic tests have been carried out on various types of

polymer nanocomposites to assess their suitability for applications involving large impacts.

Carbon nanotubes have the potential to improve behaviour at high strain rates through
mechanisms such as nanotube pull out from the matrix, crack bridging and simply structural
reinforcement due to their higher stiffness [66—68]. These work by increasing the energy
absorbing capability of the polymer and distributing the stresses inside the matrix by crack
deflection. However, above a critical loading, aggregation of nanotubes tends to occur.
Aggregates can have a detrimental effect on the impact behaviour as they act as stress
concentrators in the matrix causing premature failure [69]. As mentioned previously, carbon
nanotubes can be functionalised to increase their compatibility with the host material in
order to improve their processability and dispersion in the matrix, thus decreasing the
degree of aggregation. Hosur et al. [70] found that nanocomposites containing amine
functionalised MWNTSs exhibited better properties during quasi-static compressions tests
and split-Hopkinson pressure bar tests than those containing unmodified MWNTs due to
better dispersion and improved interfacial interaction which increased the crosslinking
density of the matrix. Rahman et al. [67] reported decreased damage area and increased
energy absorption capabilities and ballistic limit of E-glass fibre/epoxy modified with
functionalised MWNTs due to nanotube pull out and increased crosslinking density (figures
8 and 9). However, Jindal et al. [68] found that due to their shorter length, functionalised

MWNTs decreased the impact energy absorption capabilities of polycarbonate.
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Figure 8 SEM micrograph showing CNT pull-out in the epoxy matrix of the nanocomposites created

by Rahman et al. [67]
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Figure 9 Interfacial bonding between fibre and matrix in a) neat sample and b) 0.3wt% NH,-

MWCNTs nanocomposite sample synthesised by Rahman et al. [67]
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As discussed, the properties of nanoclay based polymer nanocomposites is highly
dependent on the degree of the exfoliation of the clay platelets. The effect on the high
strain-rate behaviour of polymers is no exception. Matadi Boumbimba et al. [71] showed
that the vyield stress of polypropylene is significantly affected by the extent of clay
exfoliation as well as strain rate, temperature and organoclay content. The vyield stress
increased monotonically with increasing clay content (figure 10). At lower concentrations
(<1wt%) the increase was more significant than at higher loadings (>1wt%) due to a mainly
exfoliated morphology. At higher loadings, the morphology was a mixture of exfoliated-
intercalated. No debonding was observed in samples before or after split-Hopkinson

pressure bar (SHPB) tests implying good interfacial strength between filler and matrix.

Balaganesan et al. [72] also found that the addition of nanoclay had a positive effect on the
high strain rate properties of a polymer, in this case glass/epoxy composite. Energy
absorption during a gas gun experiment increased with increasing nanoclay content for
laminates comprised of a varying number of layers. Moreover, the residual projectile
velocity in an eight-layer laminate decreased monotonically with nanoclay concentration.
High speed camera images revealed an increase in delamination area with increasing
nanoclay loading. Hossein Pol et al. also tested glass/epoxy/nanoclay composites, however
the nanocomposites were woven in this research. Ballistic tests were carried out using a
flat-ended projectile at two different velocities, 134 m/s and 169 m/s. It was found that the
optimum nanoclay loading depended on the projectile velocity; the nanocomposite
containing 3wt% nanoclay performed best when the lower velocity was used, and 10wt%
nanoclay was the optimum loading for the higher projectile velocity. This was shown by
decreases in residual velocity and damage area involving energy absorbing mechanisms
such as the tensile failure of primary yarns, the deformation of secondary yarns, formation
of a cone on the back face of the target, delamination of layers and matrix cracking, all of

which work to increase the perforation time.
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Figure 10 Variation of compressive yield stress with organoclay loading of organoclay-based

polypropylene nanocomposites created by Matadi Boumbimba et al. [71]

Other types of nanofillers have been used in the enhancement of high strain-rate properties
of polymers. Haro et al. [13] created hybrid composite laminates consisting of epoxy,
aluminium sheets and woven Kevlar fibre fabric, the latter being impregnated with micro
and nanofillers in powdered form such as aluminium, gamma alumina, silicon carbide,
colloidal silica and potato flour. These were then subjected to ballistic tests complying with
NATO standards and the ballistic impact resistance and energy absorption measured. SEM
suggested that the nanopowder filled and coated gaps/voids existing between the fibres
and provided extra reinforcement, facilitated stronger bonding of layers which lead to
increased energy absorption capabilities. Fibre pull-out decreased as a result due to better
fibre adhesion which led to increased elongation and impact resistance. The potato flour

was an exception as it weakly bonded to the Kevlar.
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2.3.3. Optical Properties

The transparency of polymers is determined by three factors; light transmittance, haze and
clarity [73]. Incorporation of nanofiller into the matrix of a transparent polymer generally
improved the mechanical properties of the polymer but tended to cause a decrease in
transparency [73—77]. Factors affecting the transparency of a polymer nanocomposite
include nanofiller dispersion, size and loading, the presence and size of nanofiller aggregates,
the difference between polymer and nanofiller refractive indices, the presence of any

degradation products and the use of any treatment products [73,75,76,78].

2.3.4. Physical Aging

Below the T,, polymers are in a non-equilibrium state which is characterised by a larger free
volume than that of the equilibrium state (see section 3.3.6 for a more detailed explanation).
There is a very small amount of chain mobility and over time the chains move closer
together to reduce the excess free volume and thus the enthalpy of the system in order to
recover the thermodynamically stable state. This phenomenon is known as physical aging
and is why such polymers tend to become brittle with age; a decrease in free volume results
in an increase in intermolecular interactions and therefore a reduction in freedom of
movement of the polymer chains [79]. Understanding the physical aging of polymers and
the change in their properties is an important aspect when considering their long-term
performance. It is therefore important to understand the effect that nanofillers have on the

physical aging of the host polymers of such materials.

In the literature study it was found that the presence of nanoparticles can have
contradictory effects on the physical aging of a polymer matrix. In some polymer
nanocomposites systems, the physical aging was accelerated [80-82] whereas in other
systems physical aging was suppressed [83—85] and depended on factors such as the
proposed mechanism involved in the physical aging process and the nanofiller content [80].
In their review paper on the physical aging of polymer nanocomposites Cangialosi et al.
emphasised two main aspects on how the presence of nanofillers affect the rate of physical
aging: (i) the modification of the polymer segmental dynamics in proximity to the nanofiller

surface; (ii) geometric factors [86].
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Cangialosi et al. [80] studied the physical aging process of two polymer nanocomposite
systems modified by silica nanoparticles. The time evolution of the enthalpy of PMMA/silica
and PS/silica was monitored by DSC. It was found that in both systems, the presence of silica
nanoparticles resulted in a decrease in the glass transition of the polymer via increased
chain mobility and that the degree of reduction increased with increasing nanoparticle
content. The results also indicated accelerated physical aging in the nanocomposites in
comparison to the control polymers and again, are generally more pronounced in
nanocomposites containing higher amounts of silica nanoparticles. Figure 11 shows how the
structural relaxation function, @y is reduced with the addition of nanoparticles. The
structural relaxation function describes the enthalpic relaxation and so from figure 11 it
could be inferred that the nanoparticles accelerate the physical aging process of both
polymer systems, despite lower recoverable enthalpy values. It was suggested by Cangialosi
et al. that the acceleration of the physical aging could therefore not be solely attributed to
differences between the molecular mobility of the polymers in the nanocomposites and the
control samples and that their results raise questions on the idea that physical aging is
exclusively controlled by the molecular mobility and the distance from equilibrium of the
polymer. Instead, they proposed a physical aging mechanism involving the diffusion of free
volume holes to the polymer/nanoparticle interface which leads to densification of the

glassy polymers.

Ramakrishnan et al. also investigated a silica-based polymer nanocomposite and found that
the physical aging of polycarbonate was also increased [81]. However, Rittigstein and
Torkelson found that addition of silica to PS, PMMA and poly(2-vinyl pyridine) suppressed
the physical aging of the polymers which correlated to increases in the glass transition

temperature [85].
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Figure 11 The structural relaxation function, @4(t), which describes the enthalpic relaxation, as a
function of aging time, t, for (a) PMMA-POSS and (b) PS-POSS based nanocomposite systems (51,
S3 etc. represents the weight percentage of silica nanoparticles in PS and M10, M17 represents the
weight percentage of silica nanoparticles in PMMA. It is shown here that the silica nanoparticles
decreases the relaxation function in both polymer systems, suggesting the addition of nanosilica

accelerates the physical aging process [80]
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The effect of carbon nanotubes on the physical aging of PMMA and the role of
functionalisation was investigated by Flory et al. [84]. DSC was used to study the physical
aging of PMMA with 1wt% of either unmodified SWNT or amino-functionalised CNTs (a-
SWNT). It was hoped that functionalisation of the SWNTs would promote better interaction
with the polymer. It was found that T, of PMMA was unchanged by the addition of
unmodified SWNTs however it increased by 17 °C with the incorporation of the
functionalised SWNTs. Flory et al. stated that the presence of a-SWNTs restricts the
segmental motion of the PMMA chains. No significant change was found in the activation
energy of enthalpy relaxation of PMMA/a-SWNT in comparison to the pure PMMA however
a broadening of the enthalpy peak was observed with the addition of unmodified SWNTs
implying poorer dispersion of the CNTs which result in areas of low and high polymer
mobility and a distribution of temperatures. The restrictive environment created by the
CNTs decrease the rate of enthalpy recovery implying that the present of nanotubes

suppresses physical aging.

2.4. POSS-based Polymer Nanocomposites

2.4.1. Polyhedral Oligomeric Silsesquioxane

Polyhedral oligomeric silsesquioxanes (POSS) are a class of inorganic-organic hybrid
molecules. POSS is most often referred to as a nanofiller, however it is more appropriate to
consider POSS as a set of chemicals which are characterised by defined structures and
possess their own intrinsic properties [87]. POSS molecules are rigid and inert like inorganic
nanofillers and are 1-3 nm sized individual molecules possessing zero dimensionality or
sphere-like structure. Yet unlike conventional particulate nanofillers POSS has the potential
to be soluble in the matrix of the host polymer to provide true molecular dispersion
[15,88,89]. Strictly speaking then when POSS is soluble in a matrix and exists as molecules,
structurally the resulting material is not considered a nanocomposite as the POSS does not
form a second phase within the polymer. However, for simplicity’s sake, the term “polymer
nanocomposite” shall be used in this work to describe both a system where POSS is
molecularly dissolved and where it exists as a secondary phase (aggregates) in the polymer

matrix.
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At the core of a POSS molecule is a rigid and inert organosilicon compound known as a
silsesquioxane, which is what gives POSS its overall cage-like form. Depending on whether
the cage structure is open or closed, the flexibility of the POSS molecule will change [90].
Silsesquioxanes are organosilicon compounds with an empirical formula RSiO; s i.e. they
possess a chemical composition between that of silica and silicon with organic functional (R)
groups attached to the corners of the cage, which can be almost any chemical group [91].
The ability to customise these R groups to such an extent makes POSS unique and highly
versatile. For good compatibility between POSS and the polymer it is vital that the
appropriate organic groups are chosen so that they match the polarity of the polymer. This
will promote fine, homogeneous dispersion and increase the degree of enhancement of the
polymer as well as potential retention of optical transparency [15,87]. Incompatibility can
lead to poor dispersion and phase separation in the form of POSS aggregates [92,93]. As
POSS molecules are 1-3 nm in diameter they are comparable in size to that of polymer
chains and segments. A consequence of this similarity in size is that POSS molecules have
the ability to control the motions of the polymer without compromising the workability nor
the mechanical properties of the polymer matrix [87,94,95]. To control the motions of
polymers would allow control over the extent to which a polymer under deformation is

sensitive to strain-rate and temperature.
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Figure 12 General chemical structure of a POSS molecule [96]
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As previously discussed, the motion of a polymer chain involves various primary and
secondary molecular mobility mechanisms and when a particular motion is restricted, the
viscoelastic behaviour of the polymer will undergo a transition. The a-transition occurs at
the glass transition temperature of an amorphous polymer and involves long-chain
segmental translation or rotation relative to one another. At the 8-transition, motion of side
chains or branches occurs which are dubbed 8-motions. Under the conditions of high strain-
rate or low temperature some amorphous polymers exhibit a restriction in these secondary
motions. It is the restriction of these motions that are believed to result in an increase in
resistance of a polymer to deformation, achieved by the enhancement in stiffness, yield
strength, post-yield strength and rate-sensitivity of yield [97,98]. It has been documented
that incorporating POSS nanomaterials into polymer matrices can lead to enhancements of
mechanical properties, reduction in flammability, surface hardening and much more.
Combining these improvements with its versatility, POSS has become one of the principal

nanomaterials in nanotechnology research and applications [89,95].

2.4.2. POSS-based Polymer Nanocomposite Preparation Methods
POSS-based polymer nanocomposites are typically synthesised either by physical blending

(melt blending) or through chemical linking methods such as polymerisation or crosslinking.

As discussed in section 2.2.1, melt blending is considered an inexpensive, versatile, fast and
environmentally friendly method. Moreover, standard polymer compounding equipment is
generally suitable in the preparation of POSS-based polymer nanocomposites with limited
modification. The miscibility of POSS with polymers can be utilised by this method however,
successful dispersion depends on the surface interaction of POSS e.g. van der Waals forces,
hydrogen bonding, with the polymer matrix which must be strong enough to overcome the
POSS-POSS interactions that often lead to aggregation. Fine dispersion at the molecular- or
nano-scale is necessary to utilise the full potential of POSS. Due to its tuneable miscibility via
various available functional groups, the dispersion of POSS can be controlled to enhance the
compatibility between POSS and the host matrix. Despite this, achieving optimum
dispersion is still challenging. Fina et al. [87] discussed the use of melt reactive blending
which involves the use of a chemical reaction between POSS and the polymer during melt

blending to drive dispersion by increasing the interfacial interactions between the two
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materials. Mixing conditions, such as temperature, time, shear force and mixing energy will

also play a role in the final dispersion of POSS [87,99,100].

Chemical linking methods can be used to overcome phase separation of POSS from the
polymer by covalent bonds however, as previously mentioned, these methods involve
synthetic procedures and therefore are not as commercially viable due to their toxicity and

harmful effects on the environment [99].

2.4.3. Properties of POSS-based Polymer Nanocomposites
2.4.3.1. Effect of POSS type

The ability to customise POSS makes it a unique and highly versatile class of nanofiller
dispersant. Organic groups can be attached to the cage structure of POSS to increase the
compatibility of the nanofiller to the host polymer. The polarity and chemical composition
of the R groups will affect the solubility of the POSS dispersant in the polymer matrix and
consequently the final properties of the resulting polymer nanocomposites. Therefore, to
maximise enhancement of the host polymer, the R groups must be chosen so that the POSS
and the polymer have a similar solubility parameter [90]. This frequently results in a more
homogeneous nanofiller dispersion which promotes interaction between POSS and the host
polymer. The length of the R groups and type of cage structure present will also change the

effect that POSS has on a polymeric material.

Dintcheva [90] investigated the effect of structural and chemical differences on polystyrene
(PS) nanocomposites by using five different types of POSS, either with open or closed cages
and different organic groups. They found that cage structure affects the rheological
properties of the polymer and POSS dispersability; open cage structures have a more
pronounced plasticising effect than closed cage structured POSS types as they are more
flexible. It was proposed by the authors that the plasticising effect is due to 1) an increase in
free volume, 2) a reduction in entanglement density or 3) a reduction in frictional effects
between matrix macromolecules. Additionally, open cage structures tended to have more
similar solubility parameters to that of PS and therefore better dispersability in PS than
those POSS types possessing a closed cage structure, as evidenced by SEM. Rheological
behaviour was also affected by the length of the organic groups; longer organic R-groups

increase the free volume more as they are bulkier in size.
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Figure 13 SEM micrographs showing the morphology of a) OMS-, b) OPS- and c) H-POSS crystals
used by Zhang et al. to modify the mechanical properties of PDMS [101]

Longer R-groups can also have a shielding effect whereby the interaction between POSS and
the polymer matrix is less pronounced. Mechanical properties were found to be influenced
more by the type of chemical group. Regardless of good dispersion, there needs to be some

interaction between the R-groups and the macromolecules of the matrix.

The nature of the POSS molecule also influences the crystallisation and melting behaviour of
the host polymers [101-105]. Zhang et al. [101] investigated three types of POSS in
polydimethylsiloxane (PDMS). The morphology of the three types of POSS nanofiller used
can be found in figure 13. Octamethylsilsesquioxane (OMS) was found to have no nucleation
effect on the crystallisation process. At high loadings, small crystals were shown to form due
to weak POSS-POSS interactions. These small crystals were then shown to form small
aggregates that pack together and thus prevent PDMS chains from interacting. Conversely,
octaphenylsilsesquioxane (OPS) and heptaphenylhydrogensilsesquioxane (H-POSS) were
shown to enhance the crystallisation rate of PDMS but by different nucleating mechanisms
to that of OMS. OPS formed large flake-like crystals at high loadings which provided large
surface areas for PDMS crystals to grow i.e. OPS increased the crystallinity of PDMS at these
loadings. At low loadings, OPS did not form flakes and tended to inhibit the regular
arrangement of PDMS. Conversely, small loadings of H-POSS were shown to increase the
crystallisation rate of PDMS by physical crosslinking but did not increase the overall
crystallinity of the polymer. As loading is increased, the H-POSS that could not graft to the

polymer, due to saturation, actually impeded the crystallisation of PDMS.
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Figure 14 The chemical structures of the different types of POSS used by Sirin et al. to create

PET/POSS nanocomposites [103]

Sirin et al. [103] investigated three types of POSS in polyethylene terephthalate polymers
(PET) to create injection moulded samples and melt-spun fibres. They used epoxy, hydroxyl
and amine functional POSS, noted as GPOSS, TPOSS and APOSS, respectively. Figure 14
shows the chemical structure of the POSS used. The mechanical properties of injection
moulded composites were not affected by POSS which the authors stated was due to the
low loading levels used (0.1 wt%, 0.5 wt% and 1 wt%). For drawn fibres containing 1 wt%
TPOSS, Young’s modulus of PET increased by about five times the value of the neat polymer.
TPOSS/PET drawn fibres also had the highest breaking strength and lowest elongation at
break which depended on the loading in the matrix. This suggests that drawing the TPOSS-
PET into fibres enables the TPOSS to affect the mechanical properties of PET by perhaps
more oriented domains, and therefore increased interaction between POSS and PET, which
hinders the mobility of the amorphous chains. Since TPOSS has three functional groups it is
thought to form a networked structure where three individual PET chains can attach to the
same POSS molecule. The high crystalline content of TPOSS-PET fibres is also thought to
explain the enhanced mechanical properties. GPOSS also increased the tensile modulus of

PET fibres whereas APOSS did not produce any significant trend.

Sirin et al. proposed that with the help of longer alkyl chains APOSS and GPOSS are able to
form bonds with the polymer more easily and as they are more flexible they allow the
polymer to relax more under stress. This results in the decrease in Young’s moduli of GPOSS-
and APOSS-PET composites. However, as TPOSS possesses three hydroxyl groups close to its
core, there will be some steric hindrance resulting in less interaction with the polymer. As a

result, TPOSS will more likely be present in the matrix by itself, allowing more time for the
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PET chains to crystallise and form longer chains. Thus the mechanical properties of PET

composites with TPOSS were the most improved.

2.4.3.2. Viscoelastic Properties

POSS can be used to modify the viscoelastic properties of polymeric materials. The effect
that POSS molecules have on the thermo-mechanical properties will depend on the type of
polymer; bulky POSS cages can increase the free volume of polymers and is generally the
dominant effect when incorporated into stiff, glassy polymers. In the case of rubbery
polymers the rigidity of POSS helps to reinforce the polymer by restricting chain movement
and reducing chain flexibility [106]. The precise nature of the polymer under modification
will also have an effect [107]. In the literature it was found that POSS can either increase
thermo-mechanical properties such as glass transition temperature and storage modulus,
usually by forming crosslinks or reinforcement by other types of bonding e.g. hydrogen,
covalent, or by restriction of chains due its bulky nature [108-122]. Alternatively, POSS can
decrease such properties by acting as a plasticiser [123—130]. The manner in which POSS
influences the viscoelastic properties of a polymer can depend on factors such as POSS
loading [131-136] and the type of POSS used [104,112,113,137-140]. Additionally, the
preparation method used to synthesise the nanocomposites can affect how POSS influences
the viscoelastic properties; for example, when POSS is chemically grafted to the polymer
chains via a method such as polymerisation, an increase in T, is observed whereas physically
mixed nanocomposites tend to cause a decrease in T, usually due to aggregation

[101,141,142].

Florea et al. [113] studied epoxy resin/epoxy-functionalised polydimethylsiloxane reinforced
with epoxy-POSS. Two types of POSS were used, mono- and octa-epoxy POSS (MEP-POSS
and OEP-POSS, respectively) with either one or eight epoxy groups, respectively. It was
found that OEP-PQOSS increased glass transition temperature, storage modulus and hardness
of the polymer whereas MEP-POSS had a decreasing effect on the glass transition
temperature. It was found that MEP-POSS was heterogeneously dispersed in the polymer
matrix as aggregates which were suggested to increase the free volume and thus lower T,
The eight epoxy groups of OEP-POSS on the other hand help it to covalently bond with the

polymer, improving its dispersion in the matrix but also facilitating crosslinking. Moreover,
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possessing eight epoxy groups gives OEP-POSS a bulky and rigid structure which can restrict

chain motion, as shown by a shorter and broader tané peak.

Ilyer and Schiraldi studied the effects of trisilanol phenyl POSS on polycarbonate (PC) and
phenoxy resin (PKFE) [107]. Nanocomposites containing between 5% and 25% POSS were
synthesised via melt blending and compression moulding. It was proposed that the POSS
would interact differently with the two polymers; PKFE contains hydroxyl groups which are
capable of forming hydrogen bonds which is typically not available for PC as it contains
carbonyl groups. The results from this work showed that POSS increased the T, of PKFE
along with room temperature and rubbery modulus whereas for the PC/POSS system these
values decreased below that of the control sample. It was found that significant interactions
occurred between POSS and PKFE which resulted in enhancement of the mechanical
properties of the polymer. However poor compatibility was observed by SEM (fig. 15)
between PKFE and POSS as evidenced by spherical POSS aggregates, which occur even at
the lowest POSS loading (5%) and suggest the solubility limit is less than 5%, and an increase
in void spacing between the two phases which increases the overall free volume. The free
volume of PC/POSS stays constant however and is thought to be because of significant
solubility of POSS in the polycarbonate matrix and/or improved adhesion between the
phases i.e. POSS acts as an internal molecular lubricant with little to no interactions at low
loadings. This is further supported by the lack of POSS aggregates up to 10% loading, and
even then they are less numerous than the PKFE/POSS system. Moreover, the DSC heating
scans showed an absence of melting peak for POSS in the PC/POSS system, indicative of
nanoscale- or molecular-distribution of filler in the matrix. At higher loadings, POSS addition

resulted in the embrittlement of the polycarbonate (anti-plasticisation).
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Figure 15 SEM micrographs of PKFE/POSS nanocomposites synthesised by lyer and Schiraldi [107]
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PC/5% POSS

Figure 16 SEM micrographs of PC/POSS nanocomposites synthesised by lyer and Schiraldi [107]
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Figure 17 The variation of storage modulus (top) and tané (bottom) with temperature and POSS

loading of an acrylic/melamine clearcoat nanocomposite created by Yari and Mohseni [126]
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Yari and Mohseni investigated the effect that a hydroxyl functional polyhedral
silsesquioxane had on the thermo-mechanical properties of an acrylic/melamine clearcoat.
At low POSS loadings, the glass transition temperature of the clearcoat decreased due a
more flexible structure. POSS acted as a chain substitute; it is able to locate between chains
where it decreases entanglement due its more compact structure. This leads to a higher
level of chain mobility and reduction in viscosity. At higher loadings, chain entanglement
decreases. This has the effect of increasing crosslinking which outweighs the effect of
lowered entanglement. As a result, viscosity rises and T, increases. The tané peak width
represents homogeneity of a network; at lower POSS loadings the width of the peak
decreases whereas it increases for higher loadings, representing decreased entanglement
and increased entanglement, respectively. Figure 17 demonstrates this effect as well as the
effect on the storage modulus. FTIR confirms the presence of a highly cross-linked network

at higher POSS loadings [126].

2.4.3.3. Mechanical Properties

The addition of POSS into a polymer matrix can enhance the mechanical properties of the
polymer. Improvements in polymer ductility, strength, stiffness, toughness and impact
resistance after incorporation of POSS have been reported [91,93,116,120,143-163]. The
amount of improvement depends greatly on the dispersion of POSS in the polymer matrix,
which in itself is influenced by a variety of factors such as the amount and type of POSS used
and processing method employed. Both of these factors will influence whether bond
formation occurs, the solubility of POSS in the matrix and therefore its distribution in the
polymer and the resultant structure and morphology of the nanocomposite. Properties may
also vary due to conversion of POSS moieties into new substances during polymer
processing [164]. The formation of bonds between the polymer and POSS is one mechanism
that can allow POSS to reinforce a polymer matrix [117,137,146,147,152,153,165,166]. This
manifests as increases in strength and stiffness, but a decrease in ductility. The opposite
occurs when POSS is able to molecularly dissolve in the matrix, whereby it typically acts as a
plasticiser and can also have the possibility of toughening the polymer matrix
[93,129,134,143,150,167]. In some cases, both gains in strength and toughness arise from
the addition of POSS without a decrease in the polymer ductility [119,132,141,168]. POSS

can also be used in the creation of self-healing polymers and shape memory polymers
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[119,131,169]. For example, Lee et al. [170] prepared poly(e-caprolactone)/trisilanol-phenyl
POSS (PCL/TspPOSS) nanocomposites via solution blending. FTIR confirmed the formation of
hydrogen bonds between the silanol groups of POSS and the carbonyl oxygen of PCL. Tensile
properties of the polymer were found to increase with the addition of TspPOSS and were
thought to be a consequence of the hydrogen bonding. Another interesting consequence of
the hydrogen bonding was the thermally activated shape memory behaviour demonstrated
by the nanocomposites. After heating, the deformed PCL/POSS samples shrank and
regained their original shape with the degree of recovery increasing with increasing POSS;
PC/10% TspPOSS recovered 97% of its original shape. The authors deduced that two
structural features must be present in the nanocomposites for shape memory behaviour to
occur; crosslinks (POSS nanocrystals) which determine the permanent shape of the material

and reversible segments (crystalline segments of PCL) that act as switching phases.

Yari et al. [131] studied the effect of an OH-functionalised POSS on a typical acrylic
melamine clearcoat. POSS enhanced the scratch resistance and hardness of the clearcoats.
It was also suggested that POSS enhanced the healing ability of the clearcoats after being
exposed to a thermal healing process. It was revealed that scratch depth profiles were
lowered further for clearcoats containing up to 10% POSS. The enhanced healing ability was
attributed to the physical hydrogen bonding interactions between POSS nanocages and the
polymer and the creation of a more flexible structure. DMA results indicated at low loadings
that the presence of POSS decreased T, and potentially increased the homogeneity of the
network by reducing the crosslinking density and its innate compact structure. The nature of
POSS can promote the formation of strong hydrogen dipole-dipole bonds with components
in the clearcoat due to its Si-O-Si linkages and hydroxyl groups. The authors propose that
these interactions can be considered as physical cross-links which are thermally sensitive
and can be broken at higher temperatures. Moreover, it is proposed that the loss of these
bonds at elevated temperatures facilitate the segmental motion of polymeric chains and

thus the greater chance of rearrangement of mechanically deformed chains.
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Figure 18 The tensile properties of PE and its POSS-based nanocomposites: (a) Young’s modulus, (b)
Tensile strength, (c) Maximum strength (Ultimate tensile strength) and (d) Elongation at break,

synthesised by Frone et al. [171]

Frone et al. [171] investigated the effect of branching in the alkyl group of POSS particles on
low density polyethylene. A significant improvement was found in tensile strength and
ductility of PE for both types of POSS used, however this was particularly the case for the
branched POSS, POSSb. Branching appears to have a more positive effect on mechanical
properties and could be due to a stronger interaction between nanofiller and polymer. In
this research POSS did not behave as a typical plasticiser; despite an increase in elongation
at break, tensile strength is also increased and Young’s modulus is slightly decreased,
specifically when using low concentrations of the branched POSS. Increasing the POSS
content beyond 1wt% resulted in a tendency for the POSS to aggregate. Figure 18 contains

the tensile properties of PE and its POSS-based nanocomposites.

Liu et al. [141] prepared via in-situ polymerisation POSS-based (poly[2, 2’-(p-

oxidiphenylene)-5, 5’-bibenzimidazole]) (OPBI) nanocomposites. For comparison, OPBI-POSS
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composites were prepared via physical blending. NMR, XPS and XRD suggested that the
phenyl groups of POSS had successfully attached to the OPBI chains through a Friedel-Crafts
(F-C) reaction. SEM of the fracture surfaces suggests homogeneous dispersion as a result of
the F-C reaction as no discernible phase separation or aggregation of POSS could be
observed. Young’s modulus increased for both the blended and F-C prepared composites
however the OPBI-POSS nanocomposites with POSS grafted to the polymer chain saw a
more enhanced improvement in Young’s modulus. Moreover, tensile properties such as
tensile strength, ultimate strain and toughness decreased in the blended composites but
increased in the F-C prepared nanocomposites along with the ductility. It is thought that
POSS is tightly embedded in the OPBI matrix by covalent bonding with OPBI acting as
effective cross-linking sites. This resulted in improved mechanical properties due to a more
efficient stress transfer from the matrix to POSS. DMA revealed a decrease in glass
transition temperature, implying that POSS increases free volume which facilitates the
movement of the polymer chains. These differ to traditional composites where
incorporation of inorganic fillers increases the polymer strength at the expense of its

ductility and toughness. The optical transparency of the polymer was also maintained.

Yari et al. [132] fabricated an acrylic/melamine thermosetting system modified by an OH-
functional POSS to create toughened clear coats. SEM, XRD and TEM were used to assess
the dispersion of POSS in the matrix. SEM of fracture surfaces revealed an increase in the
surface roughness of the nanocomposites. This is suggested to be due to a greater
deformation of polymer chains which is able to dissipate more energy. At higher POSS
loadings, sharper edges were observed implying a more brittle fracture. EDS shows that
POSS has a tendency to remain in the bulk and, by assessing silicon content POSS is
uniformly dispersed within the matrix. XRD and TEM suggest POSS is well-dispersed at the
molecular scale due to a lack of evidence of POSS aggregation. This is thought to be due to
the compatibility between OH-functional POSS groups and the acrylic/melamine matrix in
addition to covalent bonding. The XRD spectra can be found in figure 19. Tensile
experiments show that the control sample breaks before experiencing any yield point.
However, with the addition of low amounts of POSS an extension in deformation occurs and

strain at break increases.
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Figure 19 XRD spectra of POSS, control clearcoat and the POSS-based nanocomposite clear coats
fabricated by Yari et al. [132]

At higher loadings however, brittle behaviour is once again observed. Young’s modulus and
toughness display a similar trend; an increase is seen up until a certain POSS loading beyond
which the addition of POSS has a detrimental effect on the tensile properties. A
simultaneous toughening and reinforcement is seen in this research. Considering the
decrease in glass transition temperatures by POSS as measured by DMA, the toughening
mechanism is thought to be due to an increase in free volume and flexibility of polymer

chains. The authors propose that through the potential molecular dispersion and covalent
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bonding, POSS is able to modify the polymer at the nanoscale and provide efficient stress

transfer in order to reinforce the matrix.

2.4.3.4. High Strain Rate Properties

The influence of POSS on the behaviour of polymers at high-strain rates has also been
studied [97,162,172-175]. Much like section 2.3.2 factors such as the type, loading and
dispersion state of POSS can affect the final properties of the nanocomposite system. POSS
can also be combined with other additives to form a synergistic system; Thitsartarn et al.
[173] created a filler comprising of a rigid inner core (POSS) which was firmly bonded to a
soft, ductile middle layer (rubber) with active functional groups to enable strong bonding to
the epoxy matrix. TEM shows that the POSS-rubber particles were homogeneously
distributed and that potential covalent linkages between POSS and rubber avoided phase
separation, promoted better interaction and allowed synergising effects which led to
mechanical enhancement. A loading of 1wt% POSS-rubber was found to be the optimum
amount and resulted in increases in impact resistance, K¢, tensile strength and elongation at
break by = 80%, 20%, 50% and more than 100%, respectively. SAXS suggested crazing and
crack pinning as a result of rubber and POSS, respectively, which perhaps enabled more

energy dissipation, as suggested by SEM images.

Mulliken and Boyce tested polycarbonate and a polycarbonate-POSS nanocomposite at high
strain rates using aluminium SHPB. They concluded that POSS has little influence on the a-
/glass transition but affects the 8-motions which results in a reduction in resistance to high
rate elastic and plastic deformation. DMA showed that below 15°C where the 8-motions are
restricted, the storage modulus of the neat polymer is higher and therefore the
polycarbonate control sample is stiffer than the nanocomposite sample (figure 20). It was
also found that the a contribution to the overall modulus is the same in the two systems but
the 8 contribution is always less for the polymer nanocomposite, and the difference
increases with increasing strain rate/decreasing temperature. Moreover, the yield stress of
the nanocomposite containing 5wt% TSP-POSS is 10% less than the control sample (figure
20). This suggests that POSS locally interacts with the polymer molecules, alleviating 8
restrictions but does not create enough additional free volume to increase the mobility of

large chain segments as opposed to a typical plasticiser [97].
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Interestingly, Soong et al. [174] found that the addition of methacryl-POSS to PVC decreased
both the a-transition temperature and the B-transition temperature i.e. POSS acted as a
plasticiser and enhanced the mobility of both of these processes. This led to a decrease in
yield stress with increasing POSS loading at high strain rates during compressive SHPB

testing.

Kopesky et al. [162] investigated the effects of three different types of POSS: cyclohexyl,
methacryl and trisilanol phenyl on PMMA, the first being a crystallisable type and the latter
two both miscible at the molecular scale. Each of the three blends were able to toughen the
polymer matrix in slow-speed tension tests but it was the ternary blend combining 2.5wt%
cyclohexyl- and methacryl-POSS that showed the greatest increase in tensile toughness; the
toughness was increased by a factor of 4 whilst maintaining the modulus of PMMA.
Trisilanol phenyl POSS retained vyield stress and modulus values of PMMA more than
methacryl-POSS did, and is probably due to hydrogen bonding between pendant hydroxyl
groups on trisilanol phenyl POSS and ester groups of PMMA. These multiple active sites are
said to prevent trisilanol phenyl POSS acting as a simple plasticiser. However, both trisilanol
phenyl POSS and methacryl POSS decrease T, The authors suggest that the increase in
tensile toughness was due to a lowering of flow stress through the sample. SEM showed
extensive particle-matrix debonding in cyclohexyl modified PMMA but an absence of
aggregates in the miscible type POSS nanocomposites. SHPB tests showed that unfilled
PMMA did not pass through its yield point before fracturing however some of the
POSS/PMMA nanocomposite samples deformed well past the yield point without fracturing
and that these samples exhibited reduced values of yield stress. It was only the ternary
blend that demonstrated complete reproducibility of the enhanced yield behaviour. It was
proposed that this was due to the synergistic mechanisms of both types of POSS that
resulted in a large amount of plastic deformation necessary to form the distinct crack

structure in these ternary blends, which lead to reduced flaw sensitivity.
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Figure 20 (a) Storage modulus of PC and PC-POSS at 1Hz, (b) true stress-strain behaviour of PC and
PC-POSS and (c) True yield stress of PC and PC-POSS as measured by Mulliken and Boyce [97]

2.4.3.5. Optical Properties
Nano-sized fillers are thought to maintain the optical properties of transparent polymers
due to their small size. However, this will depend on a number of factors. The dispersion of

POSS greatly depends on the compatibility between polymer and nanofiller and whether the
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solubility parameter of both materials matches. If POSS is well-dispersed within the polymer
matrix as molecules or nano-sized aggregates, it will not have a detrimental effect on the
light transmission of the polymer matrix. On the other hand, poor dispersion results in light
scattering from large POSS aggregates, domains or phases, which results in a decrease in
optical transparency and clarity [92,120,176—178]. Scattering can be reduced by reducing
the size of POSS agglomerates to below the wavelength range of visible light (400 - 700nm)
[120]. The type of POSS incorporated will also have an effect as it directly influences its
dispersion within the polymer matrix [20,179-182]. Optical transparency can be measured
either qualitatively (by eye) [20,92,178,181-184] or quantitatively (UV-Vis, haze meter etc.)
[176,179,180,185,186]. Measuring the optical transparency qualitatively is less accurate

than quantitative methods.

Zhao and Schiraldi synthesised POSS-based nanocomposites by incorporating various types
of POSS into polycarbonate via melt blending. They proposed that the high compatibility
between trisilanolphenyl POSS and polycarbonate resulted in transparent nanocomposites
up to 5wt% POSS loading which exhibit transparency similar to that of the polymer control.
However, the addition of octaphenyl-, trisilanoloctyl-, and two types of aluminium based-
POSS resulted in translucent or even opaque films due to the presence of bubbles or
degradation of the nanofiller. It was proposed that the silanol groups of trisilanolphenyl-
POSS create particle-polymer interactions such as polar or covalent bonds which contribute
to the enhanced compatibility and good dispersion. The optical properties in this study were

assessed visually [92].

Tripropargyl poly(L-lactic acid) was modified by addition of N3-POSS to create TriPOSS-PLLA
nanocomposites by Cheng et al. [185]. Electron microscopy revealed the resultant
nanocomposite containing N3-POSS to have a homogeneous morphology, suggesting POSS
was well dispersed within the polymer matrix. The tri-POSS nanocomposites possessed a
high optical transmission (over 90%) at a wavelength of 600nm. This result is probably due

to the good dispersion of POSS.
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Figure 21 Appearance of control PLLA, i-POSS/PLLA and TriPOSS-PLLA/PLLA nanocomposites

synthesised by Cheng et al. [185]

However, the films had a slight yellow tint to them, as shown in figure 21. PLLA
nanocomposites containing octa-isobutyl POSS (i-POSS) however was white in appearance
and had a light transmission of only 32%. XRD revealed characteristic diffraction peaks of i-
POSS, indicating that i-POSS exists as a separate phase and tends to form aggregates within
the polymer matrix due to poor compatibility between the nanofiller and polymer. Evidence

of typical POSS-aggregate morphology was revealed by electron microscopy.

2.4.3.6. Physical Aging

The literature study revealed a limited amount of research into the physical aging behaviour
of POSS-based polymer nanocomposites. Lee and Lichtenhan studied the thermal and
viscoelastic properties as well as the physical aging process of a POSS-epoxy nanocomposite.
It was found that POSS influences the motion of the molecular junctions within the epoxy
matrix but not the overall deformation of the polymer chains or the crosslinking density due
to the dimensions of POSS being comparable to polymeric segments. They found that the
molecular level reinforcement provided by the POSS cages increased the glass transition
temperature and impeded the physical aging of the polymer, as evidenced by increases in
the characteristic relaxation time, t;, for all annealing times (0.5-64 hr) and loadings (5wt%
and 10wt%) in comparison to the epoxy control (figure 22). Furthermore, it was found that
after 64 hours of isothermal aging the sample had not yet reached its equilibrium point. It
was noted that the width of the endothermic transition over the glass transition was
unaffected by the addition of POSS suggesting that the nanofiller did not form macroscopic

phase-separated domains [187].
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Figure 22 Characteristic relaxation time versus aging time at a testing temperature of 58.9°C for

POSS-based epoxy glass fabricated by Lee et al. [187]

Yong et al. studied the effects of POSS on the physical aging and plasticisation of a polymer
of intrinsic microporosity, PIM-1. Physical aging and plasticisation reduced gas permeability
of polymers and therefore their suitability for gas separation membranes. Samples were
aged for 120 days. It was found that the effect that POSS had on the polymer depended on
its concentration in the matrix; at low loadings (0.5wt%-2wt%) POSS nanoparticles
enhanced gas diffusivity by disrupting chain packing and increasing free volume while at

higher loadings (<5wt%) POSS increased chain rigidity, increasing selectivity and enhancing
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gas separation performance, as indicated by PALS (positron annihilation lifetime
spectroscopy). SEM-EDX revealed a uniform dispersion of silicon in the polymer matrix when
POSS loading was less than or equal to 10wt%. At 20wt% the results suggested POSS
agglomeration. XRD indicated that when POSS loading increases from 2wt% to 10wt%, the
polymer packing and chain structure may become denser. It was found that the addition of
POSS nanoparticles suppressed physical aging and that the embedded rigid POSS

nanoparticles may slow down segmental motion of polymeric chains [188].

2.5. Summary and Further Research

Since polymer nanocomposites were first created, research into these novel and unique
materials has flourished. Due to their large interfacial area, nanofillers have the potential to
modify polymeric materials at the nano- and molecular-scale, resulting in more efficient
enhancement by increased interaction sites. Polymer nanocomposites have potential in
many applications and areas of research such as aerospace, defence, medical and many

other fields.

It has been found that many factors affect the final properties of polymer nanocomposites,
the key element being the dispersion state of the nanofiller within the polymer matrix.
Good dispersion is vital for maximal enhancement of the polymer and can be enhanced by a
variety of methods such as functionalisation of the nanofillers and mechanical mixing.
Presence of aggregates in a polymer matrix can have a detrimental effect on the overall
properties of the polymer. The processing method and polymer type must also be taken into

account when fabricating polymer nanocomposites.

A more detailed literature review was conducted to explore the area of research of POSS-
based polymer nanocomposites and their physical properties. Polyhedral oligomeric
silsesquioxane (POSS) is a distinctive nanofiller. Conceptually, it can be considered as either
a filler or a molecule; it is rigid and inert like an organic filler yet it has the potential to
molecularly dissolve in a polymer matrix as 1-3nm sized molecules. Moreover, it can be
tailored accordingly to the polymer system and the function it is required to improve. This

makes it a highly versatile nanofiller with many applications.

POSS generally affects the mechanical performance of polymers by either plasticisation or

reinforcement of the matrix. The bulky, rigid structure of POSS modifies the polymer matrix
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by one of two mechanisms; it can increase the free volume of a polymer by locating itself
between the polymer chains, thus reducing their entanglement and increasing their mobility,
which is evidenced by a decrease in glass transition and an increase in ductility, at the
detriment of strength (plasticisation). Alternatively, POSS can restrict chain movement and
reinforce the matrix which results in increases in stiffness and tensile strength but a
reduction in flexibility. In some cases, the addition of POSS can simultaneously improve
strength and ductility of a polymer to create a toughened material. The type of the original
polymer matrix can dictate which mechanism is dominant; glassy polymers will generally
experience a plasticising effect whereas in rubbery systems, the prevalent effect is
reinforcement. To aid in achieving good dispersion, the polarity of both the POSS and
polymer systems must be matched. Compatibility between the two is necessary in
overcoming POSS-POSS interactions and avoiding the formation of large POSS aggregates.
By selecting the most suitable POSS molecule depending on its R groups, dimensions and
cage structure, good dispersion can be achieved and may even result in dispersion at the
nanoscale. For transparent polymer nanocomposites in personnel applications this is

desirable to maintain good optical transparency whilst improving mechanical properties.

Overall, polymer nanocomposites show promise in many applications. The unique
properties and versatility of nanofillers provide many ways to enhance polymeric materials,
whilst utilising and maintaining the desirable properties of polymers such as low mass, low

cost and flexibility.

Further research is still required to fully understand POSS-based polymer nanocomposites
and determine their potential applications. Below are several areas that have been

identified which could benefit from further research:

e The preparation method and processing techniques used to create POSS-based

polymer nanocomposites:

A deeper understanding of how the preparation methods and processing techniques affects
the final properties of the polymer nanocomposites is necessary to understand how the
many factors involved in synthesis affect the final properties of the polymer nanocomposite
system. Some studies show that physical mixing is a less superior method of preparing

POSS-based polymer nanocomposites than methods such as polymerisation as chemical
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bonding between the two materials is less likely to occur [50]. However, this is not always
the case and chemical bonding is not always necessary to create an effective

nanocomposite if good compatibility exists between filler and polymer [54];
e Polymer-POSS compatibility:

A more comprehensive understanding of the compatibility between different types of POSS
and different polymers would also be useful in order to better understand the resultant
nanocomposite system. To gain such an understanding would promote uniform dispersion

and maximise the enhancement of the polymer and/or achieve the desired results;
o Effect of POSS on optical properties:

Further research is required to broaden our understanding of the effect that POSS has on

the optical properties of transparent polymers;
e Multi-technique studies of POSS-based polymer nanocomposites:

It would also be useful to have more extensive studies involving various techniques
providing results on for example, the optical, and mechanical and viscoelastic properties of
one specific polymer/POSS system. This would be useful in determining the possible

applications of such a system;
e High strain-rate performance of POSS-based polymer nanocomposites:

The mechanical properties of polymer nanocomposites have been substantially researched;
however, there are not nearly as many publications on the performance of such

nanocomposites at high strain rates/frequencies.

Our research will involve the modification of a transparent polycarbonate by trisilanol
phenyl POSS for the intended use in transparent armour applications for personnel. This will
involve characterising several physical aspects of the system by assessing the effect that
POSS has on the optical, mechanical and thermal properties of polycarbonate as well as its
impact performance at high-strain rate. A preliminary investigation into the physical aging
behaviour of the nanocomposites will also be carried out to provide some information on

how the nanocomposite would fare in extreme environments.
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3.1. Materials

Three linear, high-flow polycarbonate homopolymer resin of the same molecular weight,
M. were used as the polymer matrix. The nanofiller trisilanol-phenyl polyhedral oligomeric
silsesquioxane (TSP-POSS) was incorporated into the polymer matrix at different loadings.
Figure 23 shows the chemical structure of the polymer and the nanofiller; TSP-POSS
possesses an open-cage structure and phenyl R-groups. Both materials are white powders in

appearance.

3.2. Preparation procedures

3.2.1. Synthesis of polymer nanocomposites

TSP-POSS-based polycarbonate nanocomposites containing 0.05wt%, 0.1wt%, 0.3wt%,
0.5wt% and 1wt% TSP-POSS were fabricated via a multi-step process. Firstly, a pre-
dispersion technique was used to combine the polymer and nanofiller prior to extrusion
which involves: 1) Measuring 100 g polycarbonate powder and pouring it into a tray covered
with tinfoil, 2) dissolving 0.05 g — 1 g TSP-POSS in 40 ml of ethanol using a magnetic stirrer
and hot plate at approximately 40°C, 3) spraying the ethanol/TSP-POSS solution onto the
polycarbonate powder using a generic spray bottle and 4) transferring the powder mixture
into a plastic beaker and placing in an oven at 40 °C for three weeks to evaporate the
ethanol and dry the mixture. Following this, the polymer-nanofiller mix was extruded using
a Rondol Technology 10 mm microlab co-rotating twin screw extruder with a 20:1 L/D ratio
which is a typical L/D ratio used in many extruders. Figure 24 contains an image and a
schematic of the mini-extruder. (A) is the hopper where the polymer/nanofiller mixture is
poured, (B) contains the feeder screw which introduces the mixture into the barrel of the
extruder (C) which contains the twin screws, (D) is the die and is where the extruded
material exits the extruder, where it is then fed into a granulator (E) which cuts the material
into pellets. The speed of the feeder screw and twin screws can be controlled and the
conditions can be found in table 1, alongside the temperature profile of the extruder barrel.
The barrel of the mini-extruder contains fives zones. Each zone was set at a different
temperature, with the temperature increasing with ascending zone number to ensure that

the material is thoroughly melted before passing through the die.
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Figure 23 (a) Polycarbonate resin and POSS powder, and the chemical structure of (b) trisilanol-

phenyl POSS [189] and (c) polycarbonate
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1

Figure 24 The mini-extruder: (a) hopper, (b) feeder screw, (c) twin mixing screws, (d) die and €

granulator
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Zone Temperature

(c)

1 185

2 230

3 240

4 250

5 (Die) 260

Feeder screw speed Twin screw speed
(rpm)
7 80

Table 1 The temperature and screw speed conditions used in the extrusion of polymer

nanocomposites

The extruded material was drawn out of the barrel and cut into fine pellets by a granulator.
The pellets could then be moulded to produce samples of various shapes and sizes (see

figure 26). A flow chart of the whole preparation process can be found in figure 25.

3.2.2. Sample preparation for characterisation and testing

A Collins hydraulic press (fig. 27) was used to compression mould the pellets at a
temperature of 270 °C and a maximum pressure of 200 bars. Before applying the pressure,
the material was pre-melted under the top plate of the press. Pre-melting was found to
reduce the presence of bubbles in the final product. The pre-melted material was then
sandwiched between two metal plates and placed in the press. Kapton film was used
between the material and the plates. An initial pressure of around 40 bar was applied prior

to 200 bars for three minutes and released to allow any trapped air to escape.
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Figure 25 Flow chart of nanocomposite preparation method
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Figure 26 a) granulated material, b) compression moulded samples, c) DMA specimens and d)
SHPB specimens

A maximum pressure of 200 bar was then applied to the material for a further three
minutes, where it was then transferred rapidly to cooling plates to fully solidify before
removal from the mould. Samples of 1 mm and 2 mm thickness were moulded using 1mm
or 2mm thick moulding plates and, depending on test type, were subsequently cut using a

band saw to the specific size/standard required.

Prior to compression moulding and all subsequent testing, samples were annealed in an
oven at 110 °C for at least 24 hours to remove as much residual moisture as possible. Some
polymers such as polycarbonate absorb moisture readily from the atmosphere. During
compression moulding, the high temperatures result in hydrolysis of the moisture which
lead to air bubbles from water vapour and CO,. Air bubbles are detrimental to the
mechanical properties. Moreover, hydrolysis also turns the material to a yellow or brown

colour which is not ideal for optically transparent applications [76,190,191].
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Figure 27 A Collin hydraulic press located in the Materials department, Loughborough University

[192]

3.3. Characterisation Techniques

3.3.1. X-Ray Diffraction

The effect TSP-POSS has on the structure of polycarbonate was studied using X-ray
diffraction. X-ray diffraction (XRD) is an analytical technique used to identify and
characterise materials. XRD can provide information on the structure and unit cell
dimensions of a crystalline material. It is a rapid and powerful tool that requires minimal
sample preparation and, provided a reference database is available, data analysis is

relatively simple to do.
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Figure 28 Bragg's Law [193]

Firstly, x-rays are directed onto the specimen where they interact at the atomic scale and
scatter as a result. Scattered x-rays will then interfere; constructive interference or Bragg
diffraction occurs when Bragg’s law, nA = 2d sin 8, is satisfied: A is the wavelength of the x-
rays, d is the lattice or d-spacing, @ is the scattering angle and n is an integral number. For
constructive interference, Bragg’s law states that the path difference between two
scattered x-rays, 2d sin 8, is equivalent to an integer multiple of the wavelength. It relates
the electromagnetic radiation wavelength to the lattice spacing in a crystalline sample. On
completion of the scan through a range of 26 angles, a diffraction pattern consisting of a
series of peaks is obtained. The angles at which Bragg’s law is satisfied and constructive
interference has occurred will give rise to very intense peaks in the spectra called Bragg
peaks. The diffraction pattern will be unique to a material and can be used to identify a

material by converting to d-spacing values using Bragg’s law [194].
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Figure 29 X-ray diffractometer located in the Physics department, Loughborough University [195]

A Bruker D2 Phaser bench-top X-ray diffractometer (fig. 29) using CuK, radiation (A = 1.5406
A) was used at ambient temperature. Solid samples cut from 1 mm thick plaques were
scanned from 1 to 40° in 0.02 increments. A receiving angle of 5.8° and 1 mm divergence slit

were found to be ideal.
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3.3.2. Electron Microscopy

Electron microscopes use a beam of high-speed electrons to form an image of a specimen.
Higher magnification and better resolution can be achieved with electron microscopes
compared to traditional light microscopes, where structures an order of magnitude smaller
than the wavelength of light can be imaged. This is because electrons have a shorter
wavelength than photons. As the resolving power of a microscope is inversely proportional
to the wavelength of the radiation used, it follows that an electron microscope will have a
better resolution than that of a light microscope. Furthermore, if the electrons are
accelerated to higher velocity the wavelength of the particles will decrease and the

resolution of the microscope will increase. This is the basis of electron microscopy.

Different lenses to those used in light microscopes are used to focus the electron beam. In
light microscopes glass lenses are used however, these have no effect on an electron beam.
Instead, electromagnetic lenses are used and consist of a solenoid. By passing current
directly through the solenoid, the electron beam can be controlled by the electromagnetic
field that is induced. As the electron beam passes through the lens, any stray electrons are
focused by changing the current passing through the solenoid. The resolution of the
microscope is controlled by the accelerating voltage of the electron beam and is usually

qguoted in kilovolts (kV) [196].

3.3.2.1. Field Emission Scanning Electron Microscopy
Scanning electron microscopy (SEM) can be used to examine the morphology of a sample as

well as reveal information about its chemical composition.

A beam of accelerated electrons is focused on the specimen. The high kinetic energy of the
incident electrons allows them to interact with the surface or near-surface atoms of the
sample, causing the electrons to decelerate. The dissipation of energy results in the
generation of a variety of signals. These can include secondary electrons (surface electrons
emitted due to excitation by the primary electron beam), backscattered electrons, and
diffracted backscattered electrons, photons (characteristic x-rays), visible light
(cathodoluminescence), transmitted electrons and heat. Secondary electrons are used to
generate high-resolution images of the sample morphology (micrographs) in the standard

imaging mode, secondary electron imaging (SEl).
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Figure 30 (a) FEGSEM located in the Materials department, Loughborough University and (b) a
schematic of an SEM [197]

By using an energy-dispersive detector (EDS), the spectrum of the characteristic x-rays can
be separated to give information on the specific elements present [198]. The SEM has a
depth of field over a hundred times that of a light microscope and can provide images of the

bulk of the specimen. Values beyond 100,000 X can be achieved.

An SEM consists of several components (figure 30(b)). An electron source (gun) generates
the electron beam which is then focused to a smaller diameter by electromagnetic lenses.
The beam targets a specimen, which has been mounted onto a stub and secured in place on
the sample stage. Rather than forming a real image as in the case of a light microscope, the
image is built up by scanning the electron beam in a raster pattern over the sample surface
and then displayed on a cathode ray tube. Magnification of an SEM is calculated by the ratio

of the image display size to the sample area scanned.

Several different types of detectors are required to distinguish the variety of signals

generated and the specific capabilities of an SEM will depend on the detectors installed. An
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SEM also requires infrastructure such as cooling systems and vacuum systems to prevent
overheating and allow the electrons to travel in a straight line from the electron source to

the sample.

The morphology and fracture surfaces of polycarbonate and its TSP-POSS based
nanocomposites were characterised by a Carl Zeiss 1530 VP field emission gun scanning
electron microscope (FEGSEM) (figure 30(a)). Samples of 1 mm thickness were freeze
fractured: firstly, they were submerged in liquid nitrogen for 60 s and then snapped whilst
holding both ends with pliers. Freeze fracturing can help to attain a smoother fracture
surface. A smooth fracture surface makes is easier to view the structure of polycarbonate
and the nanocomposites and assess the dispersion of TSP-POSS within the polymer matrix.
The freeze fractured samples were mounted on stubs using electrically conductive carbon
adhesive discs. Silver paint was applied to the sample where it was in contact with the metal
stub in order to increase sample conductivity. Mounted samples were then sputter coated
with Au/Pd for 60 s using a Quorum Q150T ES sputter coater to improve imaging resolution
by preventing build-up of static charge and increasing the electrical conductivity of the
insulating specimens. SE2 (secondary electron imaging) and In-Lens detectors were used

with a 5 kV beam current to view the samples with minimal burning of the sample.

3.3.2.2 Transmission Electron Microscopy

Transmission electron microscopy involves partially transmitting an electron beam through
an ultrathin specimen in order to gain information about its structure. A black and white
image is built up on a phosphorescent screen, photographic plate or a light sensitive sensor
such as a charge-coupled device (CCD) located below the sample. The spatial variations in
the information carried by the beam forms the image. Some of the electrons are deflected
or stopped by the material. These form dark spots on the image. The transmitted electrons
will form bright spots and variations of grey depending on how much they have interacted

with the sample. The image can then be displayed on a monitor in real-time.

TEM has a higher resolution than SEM, typically an order of magnitude higher, and can
image structures less than 1 nm in size. It is ideal for determining the positions of atoms as
well as visualising the local state of the dispersion of a nanofiller within a polymer matrix

[196,199].
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In order to gain the best imaging conditions, samples ideally need to be thin enough for
electron transmission, possess high contrast, be able to withstand electron beam irradiation,
be uncontaminated and non-volatile. However, it is unlikely that all criteria will be satisfied.
A number of methods can be used to overcome these obstacles such as cleaning and drying
the samples, staining low contrast samples, coating to avoid charging and damage of

samples [200].

A Jeol 2000FX TEM was used to assess the dispersion of the POSS nanofiller within the
polycarbonate matrix. Thin films of the control sample and nanocomposites were prepared

by ultramicrotomy. The resultant thin films were then collected onto metal mesh “grids”.

3.3.3. Gel Permeation Chromatography
Gel permeation chromatography (GPC), or size exclusion chromatography is a separation

method used for chemical analysis.

A chromatography system employs a column, capillary or some other container containing a
mobile and a stationary phase. The sample is dissolved in the mobile phase and is passed
through the stationary phase. The time taken for different molecules to leave the container

will vary and will result in the separation of the various constituents.

In GPC, the separation mechanism relies solely on the size of polymer molecules and is ideal
for measuring the molecular weight distribution of polymeric materials. By separating out
the different lengths of polymer chain present in a sample a relative length can be
calculated. An organic solvent is used as the mobile phase and a column contains the

stationary phase (usually polymer beads).

Firstly, the polymer sample is dissolved into an organic solvent where the polymer chains
coil into a sphere, with the size of the sphere depending on the molecular weight of the
polymer. The coiled spheres are then introduced into the mobile phase where they flow into
the GPC column and are carried past the beads, which are porous. Those sphere coils that
are larger than the largest bead pores will be carried straight past the beads. However,
spheres that are smaller will be able to enter these and if they are small enough, they will be

able to enter smaller pores and can potentially occupy all of the stationary phase.
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Figure 31 Agilent Technologies 1260 Infinity GPC located in the Materials department,

Loughborough University

As the mobile phase containing the polymer sample flows through the column, this
partitioning occurs repeatedly, with the molecules diffusing into and out of the pores.
Therefore, the time it takes for the different sized molecules to transit the column will vary,
with the larger spheres eluting in less time. As the components leave the column they are
detected and a graph, or chromatogram, is produced to display the eluting behaviour.
Higher molecular weight polymers will elute first followed by those of a lower molecular

weight emerging from the column later.

The chromatogram is compared to a calibration graph containing the molecular weight of a
series of polymers. From the calibration graph, the molecular weight distribution of the

polymer sample can be determined [201].

An Agilent Technologies 1260 Infinity GPC (fig. 31) was used to confirm the molecular
weight distribution of the three different grades of polycarbonate tested. 4mg of each

polycarbonate resin was dissolved in tetrahydrofuran (THF) in a vial. The concentration was
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2.2 mg/ml for each sample. Three chromatograms were produced and compared to a

calibration graph in order to determine the molecular weight distribution of the samples.

3.3.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a method of thermal analysis in which the mass of a
sample is monitored as a function of temperature or time in response to heating or cooling.
TGA can be used to characterise materials, provide information on any physical or chemical
phenomena such as second-order phase transitions or oxidation and determine the

presence of organic (or inorganic) content in a material.

A TGA consists of a furnace containing a sample pan supported by a precision balance. The
pan is heated or cooled and the mass of the sample monitored throughout the temperature
program. An inert purge gas is used to control the sample environment and prevent

undesired reactions such as oxidation [202].

A TA Instruments Q5000 IR TGA (fig. 32) was used to characterise any differences between
the three polycarbonate grades by measuring the weight percentage lost during thermal
decomposition. Ten milligrams of each polycarbonate resin was placed in a platinum
crucible and tested from 37 °C to 800 °C using a heating rate of 10 °C/minute. Air was used
as the purge gas at 25 ml/min. Raw data of the weight (%) and derivative weight (%/°C) of
sample degraded during heating was plotted into graphs of weight or derivative weight

versus temperature and analysed.
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Figure 32 TGA located in the LMCC, Materials department, Loughborough University [203]

3.3.5. Dynamic Mechanical Analysis
A TA Instruments Q800 DMA (fig. 33) was used to evaluate the glass transition and the
viscoelastic properties of polycarbonate/TSP-POSS by measuring the dynamic mechanical

response to temperature and frequency.

Viscoelasticity is studied using dynamic mechanical analysis (DMA), where a small sinusoidal
stress is applied and the resulting strain is measured. The complex, or dynamic, modulus can
subsequently be determined and is the ratio of stress to strain under vibratory conditions.
The temperature or frequency of stress can be varied, which leads to variations in the
complex modulus. Information on glass transitions, creep and stress relaxation, changes in
crystallinity, occurrence of cross-linking, impact resistance, chain dynamics and features of

polymer chains can be obtained via DMA.
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Figure 33 DMA located in the Materials department, Loughborough University

In a DMA instrument a bar-shaped sample with dimensions: 35 mm x 13 mm x 2 mm (length
x width x thickness), is clamped at both ends and held in place in a thermal chamber. A
sinusoidal oscillating deformation force is applied to the central point of the sample by a
drive motor. The stress experienced by the sample is proportional to the current supplied to
the drive motor and the strain is proportional to the resulting sample displacement and is
measured by a transducer. Different clamping configurations and deformation modes (e.g.
compression, shear, tension, and torsion) allow a range of tests to be carried out on a
variety of materials using DMA. For example, hard samples or samples with a glossy surface
are held in place by clamps with teeth; soft materials and films are held in place by flat

clamps so as to avoid any damage to the sample.

The stress and strain of elastic materials are in phase as they are proportional to one
another at small deformations, therefore the response of one caused by the other is

immediate. Such a response is independent of strain rate. For viscous materials there is a
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phase difference between stress and strain; the strain lags the stress by 90° (r/2). As
viscoelastic materials exhibit behaviour between that of purely elastic and purely viscous
materials there will be some phase lag between the applied stress and the strain within the

material.
The applied sinusoidally varying stress, a(t), of frequency, w is given by
o(t) = g, sin(wt + 6) (1)

It precedes strain by a phase angle, 6. The constant g, is the amplitude of maximum stress.

The induced sinusoidal strain within the material is
e(t) = gy sin wt (2)

with the amplitude of maximum strain given by &,. A ratio between the above stress and
strain can be used to determine the dynamic modulus and is as follows:

. _o®

The dynamic modulus has two components
E*(w) = E'(w) +iE"(w) (4)

The storage modulus, E' (w), measures the stored energy and represents the elastic portion
of the material. It characterises the ability of a polymer to store energy i.e. it represents
elastic behaviour. The second component of dynamic modulus, E"' (w), is the loss modulus
and is defined as the tendency of a material to dissipate energy, in other words it
characterises the viscous behaviour of a material. The equations of storage modulus and

loss modulus are, respectively,

E'(w) =2coss (5)
€o
and,
E"(w) = Zsiné (6)
€o

The phase angle, 6, can then be calculated from
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E”(W)

tané = (@)

(7)

Equation 7 represents the damping factor of a viscoelastic system and is a measure of the

energy dissipation of a material and tells us how effective a material is at absorbing energy.

The shear moduli, G'(w) and G"' (w) can easily be found by replacing G with E in the above

equations.

DMA can be used to determine the glass transition temperature (7,) of a material. At T, a
simultaneous sharp drop in the storage modulus and a maximum peak in the loss modulus
of the material can be observed. During a temperature-sweep test using DMA, which
involves the use of a low frequency and varying the temperature, a characteristic curve is
produced. A peak in the tan § spectra appears at T, and is a reliable method to determine
the T, of the material under observation. Multiple transitions can also be observed. For
example, if two glass transitions are observed in a temperature-sweep DMA it is indicative
that the polymer blend is immiscible. Separate transitions can also occur and can be
attributed to different regions within the material e.g. semi-crystalline polymers will have

separate transitions corresponding to the amorphous and crystalline portions within.

Combined sweeps utilising varying temperature and frequency in conjunction with one
another can provide a more in-depth characterisation of the material and the nature of its

molecular motions responsible for such transitions.

In this work, temperature ramps were performed using a temperature range between 80 °C

and 180 °C at two frequencies (1 Hz and 10 Hz).

Isothermal frequency sweeps were carried out at two temperatures, 135 °C and 140 °C to
assess how the behaviour changed as the samples approached a rubberier state. A
frequency range between 0.1 Hz-100 Hz was used and the data was collected at 1 Hz

intervals.

DMA was also used to assess the creep behaviour of polycarbonate and the nanocomposites
at 140 °C. This temperature was used as it was found from the isothermal frequency sweeps

that more information was gained when the samples were nearer to the rubbery state. The
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samples were held under a strain of 0.2 MPa for 120 minutes. A pre-load stress of 0.2 N was

applied to ensure the samples were taut before experimentation.

Universal Analysis software was employed to analyse the data. All samples were dried at
110 °C for 48 hours prior to testing to remove as much moisture absorbed by the samples as

possible. Moisture can affect the final properties of the samples and obscure the results.

3.3.6. Modulated Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermal analysis technique that measures how
the heat capacity of a sample of known mass varies with a change in temperature. Heat flow,
the movement of heat into and out of a sample, is monitored as a function of temperature
against a reference pan. The difference in heat flow between the sample and the reference
pan can provide information on glass transitions, phase changes, melting point, polymer

degradation and whether the processes are exothermic or endothermic.

With a standard DSC, a single heat rate is used and so temperature is changed linearly and
therefore a single heat flow rate signal is produced. In a modulated DSC (MDSC), two
simultaneous heating rates are used; a linear heating rate which provides information
similar to a standard DSC and a sinusoidal heating rate that allows the simultaneous
measurement of the heat capacity of the sample. Modulation period and modulation
temperature amplitude is selected to create the sinusoidal temperature change. This allows

for increased sensitivity to small transitions and therefore better data interpretation [204].

A TA Instruments 2920 Modulated DSC (fig. 34) was used to measure the glass transition
and study the physical aging of polycarbonate and its TSP-POSS based nanocomposites.
Compression moulded plagues of 1Imm thickness were annealed in an oven at 110 °C for at
least 24 hours to remove any excess moisture. Annealed samples were then cut using a
simple hole punch. The discs were weighed and then sealed in a DSC pan. Prior to all DSC
experimentation, the pans containing the samples were annealed at 180 °C for 5 minutes to
remove the thermal history. The DSC was used in the modulated mode for all tests.

Universal Analysis software was used to analyse the data.
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Figure 34 Modulated DSC located in the Materials department, Loughborough University [203]

To measure the glass transition temperature, samples were heated from 25 °Cto 180 °C at a
heating rate of 3 °C/minute. The time derivative of the complex heat capacity, C, was
calculated using Universal Analysis and the peak value of the resulting graph was taken as
the glass transition temperature to minimise uncertainty in the value for T;. A smoothing

region width of 6 °C was used before measuring T, to increase precision.

MDSC was also used to study the physical aging of polycarbonate and its TSP-POSS based
nanocomposites. Physical aging involves changes in the physical properties of glassy
polymers with time and is why such polymers tend to become brittle with age.
Understanding the physical aging of polymers is an important aspect when considering their

long-term performance.

Physical aging originates from the fact that a glassy polymer below its glass transition
temperature is generally in a non-equilibrium state. A polymer melt, however, is considered
thermodynamically stable. Changes in the physical properties are associated with physical
aging whereas changes in thermal properties are associated with enthalpic relaxation.
However, physical aging is in close correlation with enthalpic relaxation and has the effect of

increasing relaxation times.
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Figure 35 Graph representation of the enthalpy change as a function of temperature for a typical
glassy polymer. T,ins, Tf and T, represent aging, and glass transition temperature, respectively.
When the polymer is cooled (A to B) below the glass transition it is in a glassy, non-equilibrium

state and tends to move towards equilibrium, a process known as physical aging (B to C) [205]

Enthalpic relaxation is the progressive change in the thermodynamic properties of the glass
towards equilibrium; in the non-equilibrium state the thermodynamically stable state tends
to be slowly recovered during physical aging. By monitoring the time-dependent evolution
of thermodynamic variables such as enthalpy the relaxation process can be studied and
therefore physical aging can also be studied. Firstly, the polymer sample is rapidly cooled
from the equilibrium state to below the Ty which marks the loss of thermodynamic
equilibrium, at an aging temperature, T,. Annealing a glassy polymer in a temperature range
close to but below the T, for an aging time, t, results in a progressive decrease in the
enthalpy of the polymer with ageing time as the polymer approaches equilibrium. The
relaxation can be measured as the recovery of the lost enthalpy associated with the glass
transition during the heating scan of an aged sample, where it is observed as an endotherm

in the DSC spectra.
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Consider the example of a liquid being cooled rapidly, or quenched, from a temperature
above the melting point. When a liquid fails to crystallise during cooling, it enters the
rubbery state and then undergoes the glass transition when the molecular motions are
unable to keep up with the cooling rate. The excess enthalpy and entropy are frozen in at
the glass transition. When a quenched sample is stored at a temperature, T, close to Ty, it
loses this excess enthalpy and moves towards the super-cooled liquid state (shown in figure
35). It is assumed then that the enthalpy regained upon heating through the glass transition
is equal to that lost during aging below the T, and can be used to study the physical aging

and relaxation behaviour of a polymer [206].

Properties such as enthalpy and entropy decrease towards the equilibrium values at rates
dependent upon the difference between the aging temperature and T, and will decrease
with an increase between T, and T,, AT. [86,206—-208]. In this study, the aging temperatures
will be varied to investigate the effect of AT on the physical aging behaviour of

polycarbonate and its nanocomposites.

Enthalpic relaxation, @(t) can be characterised by the excess enthalpy lost on aging
Tp

AH(t,, T,) = J- (Cp(aged) — Cp(unaged)) dT

Ta
= AHo, (To)[1 — @(t,)]  (8)

using the Williams-Watts stretched exponential function

e\B
o) = o @] (©)

where C, is the specific heat capacity, AH,(T,) corresponds to the enthalpy difference
between the values at the onset of ageing and the value if the sample was left to age for an
infinitely long time to the super-cooled liquid, tpis the characteristic relaxation time which is
dependent on both the ageing temperature and the structure of the polymer and 8 is an

inverse measure of the breadth of the relaxation spectrum.

76



Chapter 3 Experimental Methods

% TSP-POSS T (°C) Ta1 (°C) T2 (°C) T,z (°C)
PC 144.18 134 132 130
AT=Tg-Tan (°C) 10.18 12.18 14.18
0.1 144.57 134.59 132.39 129.39
0.5 143.83 133.65 131.65 128.65
1 143.63 133.45 131.45 128.45
(a)
tan Annealing time (hours)
ta; 1
ta, 3
tas 6
ta, 10
tas 20
tag 35
tay 50
tag 120

(b)

Table 2 (a)Annealing temperatures T,, and (b) annealing times t,,

Enthalpic relaxation, ®@(t,) can be calculated by rearranging equation (8) to

_ 4 (BH(taTD
P(te) =1 (kAHoo(Ta)) (10)

where k is a calibration factor given by equation (11):

Cp(PC)
k= ”5& (11)

6T

and
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AHw(T,) = =2.AT (12)

Cp(PC) is the specific capacity of poncarbonate,%is measured from the graph of%
against temperature, AH(t,, T,) is measured by integrating the area under the endotherm
of the DSC graph of non-reversible heat flow, AH,(T,) and AT is the temperature
differential. Endotherm limits were chosen by using the derivative of the non-reversible

heat flow.

By plotting @(t,) against logt,, the characteristic relaxation time, t., can be found by fitting

equation (13) to the graph:

d(t,) = Aoe_i_z (13)
The effect of the annealing time and annealing temperature on the physical aging was
studied by varying these parameters for polycarbonate and the nanocomposites. The
annealing temperature T,, where n is an integer, is selected always below the glass
transition temperature. Annealing temperatures were chosen by first selecting three
temperatures below the T, of polycarbonate e.g. 130 °C, 132 °C and 134 °C. The difference,
AT, between T, and each annealing temperature was calculated and annealing
temperatures for each nanocomposite loading were selected so that the AT values were the
same as those for polycarbonate. The annealing temperatures and times can be found in

table 2.

3.3.7. Ultraviolet-Visible Spectrophotometry

A Perkin-Elmer Lambda 35 UV-Vis Spectrophotometer (fig. 37) was used to assess the
optical transparency and clarity of polycarbonate/TSP-POSS nanocomposites by measuring
the diffuse transmission and reflectance for the wavelength range 300 nm - 1000 nm which
uses adjacent UV and near-infra red (NIR) light. Three samples of 1 mm thickness were
tested for each nanofiller loading. A slit width of 1 nm was used. The raw data of
transmission values and wavelength values were plotted into graphs of transmission vs.

wavelength.
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Figure 36 A schematic of a UV-Vis Spectrophotometer set up [209]

UV spectroscopy can be used to measure the amount of light transmitted through, absorbed
by or reflected by a sample. In the adjacent regions of the UV and visible spectrum, photon
absorption occurs and causes strong excitations of a specific group of electrons located in
the chromophore of a system. The chromophore is responsible for the “colour” of the

system [210].

The energy levels within a system depend on the molecular bonds present [211]. The atoms
in a bond have their orbitals merged to form a molecular orbital (MO). Electrons can occupy
bonding, antibonding or nonbonding MOs. Bonding electrons can be split into two types
depending on how many bonds they form; m-electrons (single bonding) and o-electrons
(multi-bonding). Unshared or nonbonding electrons are known as n-electrons. When an
electron absorbs energy from light radiation it transitions from the highest occupied
molecular orbital to the lowest unoccupied molecular orbital, and results in an excited or

antibonding state [210-212].

The o-bond electrons have the lowest energy level and are the most stable electrons. A
large amount of energy is required to displace these electrons to higher energy levels. As a
result, these electrons generally absorb high energy photons in the lower wavelengths of
the ultraviolet region and these transitions are rare. m-bond electrons have much higher

energy levels for the ground state.

79



Chapter 3 Experimental Methods

Figure 37 A Perkin Elmer Lambda 35 bench-top UV-Vis Spectrophotometer located in the

Chemistry department, Loughborough University [213]

These electrons are therefore relatively unstable and can be excited more easily. They can
be excited by absorption of lower energy photons with longer wavelengths, often in the
visible region. The n-electrons or non-bonding electrons are electrons belonging to lone
pairs of atoms. These are of higher energy levels than n-electrons and can be excited by

ultraviolet and visible light [211,212].

A UV-Vis Spectrophotometer uses wavelengths of light in the range of 200 nm - 1000 nm,
where 400 nm — 800 nm corresponds to the visible region. When a sample is exposed to
light energy that matches the particular energy difference between possible electronic
transitions within the molecule, a fraction of the light energy is absorbed by the molecule
and an electron is excited from its ground state to an excited state at a higher energy level.
A spectrophotometer measures the degree of absorption of a sample at different

electromagnetic wavelengths and produces a spectrum [212].
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Two electromagnetic radiation sources are required to cover the full wavelength range. EM
radiation passes from source through to a monochromator, which can consist of a prism or a
diffraction grating. This spreads out the spectral components, permitting a very narrow
range to be sampled by a slit. The slit passes a finite bandwidth which must be less than 10%
of the natural bandwidth of the spectral line to be measured to avoid error in peak intensity.
Selected radiation passes into the sample [211]. The intensity of radiation passing through
the specimen, [/, is measured by the detector and then compared to the intensity of
radiation prior to passing through the sample, /p. The ratio I/ly is called the transmittance
and is usually represented as a percentage. The detector is usually a photomultiplier,

photodiode, photodiode array or a charge coupled device (CCD).

Solution samples are held in a cuvette, a standard cell with windows which must be made
out of a material that is transparent in the UV-Vis region e.g. Pyrex cells or optics for the
visible spectrum and quartz for the UV spectrum. With polymers, a thin parallel-sided solid

sample can be mounted in place of a solution cell.

When direct transmittance is greater than 90% in the visible region, the film is considered
transparent. The film is translucent when the light transmittance is less than 90% and more
than 10% of the visible region is absorbed. An opaque material has a transmittance of 0%
[214]. Differences in refractive indices (mismatch of refractive indices) of the medium and
any dispersed particle or inhomogeneities will result in reflectance of the transmitted light

and decrease the overall light transmittance of the material.

3.4. Mechanical Test Techniques

3.4.1. Tensile test

A Lloyd Instruments LR50K tensometer, shown in figure 38(b), was used to measure the
tensile properties of polycarbonate and its TSP-POSS based nanocomposites. Four
dumbbell-shaped specimens, adhering to the British Standard BS EN ISO 527-2:2012 type 5A,
per TSP-POSS loading were tested at ambient temperature. Samples were held vertically at
both ends by metal jaws, with the top jaw being attached to a 1 kN loading cell. Force was
applied to the samples at a speed of 50 mm/min until total failure occurred. Raw data was

produced in the form of load-extension curves. To ascertain tensile properties of the
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specimens these were converted into stress-strain curves using equation 14 and 15 for

stress, o and strain g, respectively:

(14)

Q
I
|

where F is the force applied by the load cell and A is the area of the specimen (width and

thickness of the ends).

£=— (15)

where Al is the change in length of the specimen (extension measured by tensometer) and /

is the original gauge length of the sample.

Several important properties can be determined from the stress-strain curve. Figure 38(a)
contains a typical stress-strain curve for polycarbonate. The region of the graph from the
origin to the vyield point (point A) follows Hooke’s law, where the relationship between
stress and strain is linear and corresponds to elastic behaviour of the specimen i.e. if the
load is removed the sample will return to its original shape prior to deformation. By
measuring the gradient of this slope the Young’s modulus can be determined. Young’s
modulus gives information on the stiffness of a material. Beyond the yield point plastic
deformation occurs and the specimen experiences some permanent change to its shape.
The peak of the curve (point B) corresponds to the ultimate tensile strength and is generally
taken as the maximum stress that the sample experiences before failure, although it does
not take into account strain hardening and necking phenomena. The sample continues to
stretch and eventually breaks (point C). The amount that the sample deforms is known as
elongation at break and is a measure of the ductility of the sample. By integrating the area

under the stress-strain curve the toughness of the sample can also be calculated.
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Stress

Figure 38 (a) Typical stress-strain curve for a polymer and (b) a Lloyds Instruments LR50K

tensometer located in the Materials department, Loughborough University
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3.4.2. Instrumented Falling Weight Impact Tester

The impact performance of polycarbonate/TSP-POSS at low velocities was assessed by
implementing a Rosand type 4 falling weight impact tower. Six samples per TSP-POSS
loading were tested and the data obtained averaged. The 1 mm thick samples were held in
place by a clamp at the base of the tower. A dart striker with mass of 2kg was raised to
heights between 0.5 m and 1.5 m corresponding to varying dart velocities and then dropped
onto the sample. The effect of dart velocity on the impact behaviour of the nanocomposites

could then be evaluated.
By equating the equations
_1 2
K.E = Smv (16)

and,
P.E =mgh (17)

and rearranging to,

v=,/2gh (18)

where K.E, P.E, m, g, h corresponds to the kinetic energy, potential energy, mass of dart,
velocity of dart, gravitational constant and height of dart, the dart velocity, v can be
calculated from equation (16). The dart velocities used were calculated to be 3.12 ms™, 3.96

ms™, 4.85 ms™ and 5.45 ms™, corresponding to dart heights of 0.5 m, 0.8 m, 1.2 m and 1.5 m.

A typical force-displacement curve for polycarbonate can be found in figure 39. The curve is
bisected into two halves; the area under the first portion of the graph represents the
initiation energy, E;, and is the amount of energy that can be absorbed by the specimen
before a crack forms. The peak of the curve is simply the maximum load the material can
withstand before a crack is initiated and is known as the maximum peak force. After this
point plastic deformation occurs, which resists crack propagation, until the dart passes

through fully and the specimen fails.
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Figure 39 A typical force-displacement curve produced by an instrumented falling weight

experiment
The propagation energy, E,, is the energy used in plastic deformation. The total area, E;,
under the graph can therefore give an indication of the toughness of the specimen. The
areas under the graph representing initiation, propagation and total energy are integrated

to give values for these properties.

3.4.3. Drop-ball impact test

According to the American National Standard for Occupational and Educational Personal Eye
and Face Protection and Devices, ANSI-ISEA 787.1, protective eyewear must pass the drop
ball impact test before use to ensure a minimum impact resistance. The procedure involves
dropping a steel ball 1 inch in diameter of mass 68 g from a height 50 inches above the
specimen, which is held horizontally face up. The projectile free falls through a loose fitting
guide tube 4 inches above the specimen. Samples of 2 mm thickness are supported on a
lens support acrylic tube measuring 1.25 " outside diameter x 1.0 " inside diameter x 1 "
height. The sample will either pass or fail; to pass the sample must not crack, chip or break

[215].
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3.4.4. Split-Hopkinson Pressure Bars

Split-Hopkinson pressure bars (SHPB) are used to investigate the dynamic properties of
materials at high-strain rates. Strain rates of up to 10°s™ can be achieved in both dynamic
compression and dynamic tension tests. The stress-strain relationship of a material can be

obtained from the experimental results.

In a compression test a cylindrically shaped sample is placed between two pressure bars
which are typically made from a high strength elastic material such as maraging steel or
aluminium. This is so that a wide range of materials can be tested and deform plastically

whilst the pressure bars remain within their elastic limit.

In our traditional three-bar set-up (see fig. 40) a projectile is propelled along the gas
chamber where it hits the striker bar. Firstly, the gas gun, shown in figure 41(a), is loaded
with the projectile at the furthest point from the incident bar, and the gas gun is evacuated
to a pressure between 8 bar to 10 bar. The projectile is then suddenly exposed to
atmospheric pressure by releasing a lever which moves the end plate to uncover a hole in
the aperture plate. The striker bar hits the incident pressure bar, creating an incident strain
pulse which propagates through the incident bar and into the specimen. The pressure bar
strain causes the incident bar to move which puts stress on the specimen and causes it to
deform. Due to acoustic impedances between the material of the specimen and that of the
incident pressure bar, a portion of the strain pulse is transmitted through to the transmitter
pressure bar and reflected back through the incident pressure bar, inducing strain in both
pressure bars. A momentum bar absorbs the energy which is attenuated by allowing the
momentum bar to move freely into a plasticine filled box located at the free end of the
momentum bar. This prevents the pulse from being reflected back into the transmitted bar.
Strain gauges on the pressure bars measure the strain in the bars which is then amplified

and recorded by a digital oscilloscope to produce a voltage-time graph.
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Figure 40 The Split-Hopkinson Pressure Bar set-up at Loughborough University

The raw data of the reflected pulse and transmitted pulse is converted into stress-strain
data values by a series of equations. Engineering stress, s can then be calculated using the
equation

A
Og = EEST (19)

where E is Young’s modulus, A is the cross-sectional area of the pressure bar, Ap is the cross-
sectional area of the specimen and &7 is the strain in the transmitted bar. The engineering
strain is directly proportional to the reflected pulse, 5. However, engineering stress and
strain do not take into account the surface area of the specimen during deformation. True
representations of stress and strain can be calculated from true stress and true strain values
which are functions of the engineering stresses and strains. Stress-strain curves can then be
produced and properties such as Young’s modulus, yield stress and energy absorption can
be calculated in a similar manner to that used when calculating tensile properties from the

stress-strain curves of the tensile tests; Young’s modulus is taken as the gradient of the
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stress-strain curve up to the yield point which is where the curve begins to deviate from a

linear shape. Energy absorption is taken as the integral of the area under the curve.

The projectile velocity and the subsequent force with which the sample is subjected to can
be controlled by the removal of plugs located on the aperture plate, shown in figure 41(b).
The apertures vary in diameter; basically, the larger the aperture, the larger the force due to
increased amount of air entering the gas tube when the lever is released. In this test, two
aperture settings were used; the removal of 12 mm and the removal of both 12 mm and 7.9
mm to give a strain gauge signal voltage of around 0.8 V and 1.2 V, respectively. As the ease
with which the projectile moves through the chamber and therefore its velocity was
affected by the ambient temperature and the number of times it had been previously been
fired, the pressure in the gas cylinder was varied between 8 and 10 in order to keep the
voltage at either 0.8 V and 1.2 V and thus the magnitude of the impact on the specimen

similar.

It was found that aluminium bars were suitable to use with the polycarbonate-based
specimens as the pulses were well defined and therefore ideal for analysis. The projectile
and striker bars were made of the same material as the pressure bars to minimise any

impedance mismatch.

A small amount of lubricant was placed on the sample-bar interfaces to reduce the effects
of friction, such as barrelling of the specimen, which can cause non-uniform strain leading to
poor results. The lubricant used in the testing was MolyKote molybdenum disulphide-based
grease which was chosen for its low coefficient of friction. Vacuum grease was also applied

on bar-bar interfaces to promote good transmission of the strain pulse.

Cylindrical shaped specimens with 4 mm thickness and an 8 mm diameter i.e. a Poisson’s
ratio of 0.5 were fabricated via compression moulding. A Poisson’s ratio of 0.5 is said to

minimise wave attenuation in specimens of low-impedance materials [2,216].

Due to the formation of a slight lip on one face, all samples to be tested were polished down
therefore reducing their thickness slightly. The diameter and thickness of all samples were

measured pre- and post-testing.
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Figure 41 (a) the gas gun of the SHPB [217] and (b) the aperture plate used to control the SHPB

projectile velocity
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Chapter 4 Nanocomposite Characterisation

This chapter contains the results of various characterisation tests carried out on
polycarbonate and its TSP-POSS based nanocomposites in order to assess the effect that
TSP-POSS has on the structural, morphological, optical, thermal and viscoelastic properties if

polycarbonate.

4.1. Structural and morphological properties

4.1.1. X-Ray Diffraction

X-ray diffraction was used to characterise the structure of the polycarbonate/TSP-POSS
nanocomposites. By comparing the spectra of the nanocomposites to those of the control
polymer and nanofiller samples, one can roughly determine how well dispersed the TSP-
POSS is in the polymer matrix. XRD is a bulk analysis technique, as it averages over the
whole of the sample. The quantity of TSP-POSS is very low, and as such if the sample were
mixed adequately peaks would not be seen in the spectrum, even if nanometre sized
aggregates had formed. If poor sample fabrication has occurred, and the TSP-POSS has not
sufficiently blended in, the larger aggregate of TSP-POSS may be visible in the XRD spectrum.
Polycarbonate and TSP-POSS samples were in raw powder form and the nanocomposites
samples were made from the processed pellets. Figure 42 contains the spectra of the

polycarbonate control, TSP-POSS and the nanocomposites.

From figure 42 it can be seen that the polycarbonate control sample possesses a typical
diffraction pattern of an amorphous polymer; a single broad diffused peak, sometimes
referred to as a halo, which results from the x-rays being scattered in many directions by the
randomly oriented chain structure. TSP-POSS on the other hand produces a diffraction
pattern comprised of sharp peaks, suggesting a highly crystalline structure. The largest of
the peaks occurs at approximately 20 = 7° and corresponds to a d-spacing of 1.26 nm. This is
the characteristic POSS peak as POSS molecules are typically 1-3 nm in size. Others have also

documented this [130].
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Figure 42 XRD spectra of TSP-POSS, polycarbonate and its TSP-POSS based nanocomposites

Since the spectra of the nanocomposites are virtually identical to that of the control sample,
it can be implied that TSP-POSS has been sufficiently blended into the polycarbonate matrix.
There is an anomalous data point in the PC/0.3wt% (29 =18°) spectrum, which is caused by
instrumental noise and can be discounted. As it is a single data point it is unlikely to
correspond to a reflection from the TSP-POSS crystallites. The difference in height of the

spectra is caused by slight differences in the thickness of the samples and is not important.

The absence of any intense peaks in the spectra of the TSP-POSS based polycarbonate
nanocomposites implies that large aggregates of TSP-POSS do not exist in the polymer
matrix as a secondary phase. It is impossible to determine from the XRD whether
nanometre scale aggregates are formed, as XRD is a bulk analysis technique. An alternative
method, such as Scanning Electron Microscopy, can provide more information and is far

more suitable to determine how well dispersed the TSP-POSS is on a nanometre scale.
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4.1.2. Scanning Electron Microscopy
Scanning electron microscopy was used to view the morphology of the nanocomposites and
assess the dispersion of TSP-POSS in the polycarbonate matrix. Figures 43-50 contain

micrographs of polycarbonate and PC/TSP-POSS nanocomposites.

Figure 43 shows the fracture surface of the polycarbonate matrix. It has a nodular type
morphology and is relatively featureless. The micrographs of PC/0.05wt% TSP-POSS shown
in fig. 44 are identical in appearance to those of the control sample, implying that TSP-POSS
at this loading has not had an effect on the morphology and structure of the fracture surface
of polycarbonate. From figures 45-47 it can be seen that there are no visible TSP-POSS
aggregates in the polymer matrix up to a loading of 0.3wt%. This implies that the nanofiller
is dispersed as molecules and is miscible in the polymer matrix. For this to occur requires
high compatibility between the nanofiller and the polymer. Open-cage POSS structures are
said to be more soluble in polymers than close/fully condensed structures. Moreover, it has
been proposed that the phenyl groups of TSP-POSS make this type of POSS compatible with
polycarbonate [90,92,97,107].

Stretched fibrils are seen in the samples containing 0.1wt% and 0.3wt% TSP-POSS and are
more noticeable in PC/0.3wt% TSP-POSS. Stretched fibrils are a characteristic of ductile
failure and increase the amount of energy required to break the sample. Figure 47 shows
how the addition of 0.3wt% TSP-POSS has significantly changed the morphology of the
polycarbonate matrix. However, for samples containing 0.5wt% and 1wt% TSP-POSS, the
surface morphology is similar to that seen in the unmodified polymer. However, spherical
aggregates between 100 nm and 200 nm are present throughout the matrix and are more
numerous in the nanocomposite containing 1wt% TSP-POSS. However, the SEM images are
not representative of the number of aggregates in the nanocomposite materials as the
images are 2D. It is possible that the freeze fracture method used to prepare the SEM
samples may influence the number of aggregates seen in the SEM i.e. some aggregates may

fall off, some may be drawn out.

The presence of aggregates is to be expected as POSS-PQOSS interactions become stronger at
increased POSS contents. Interestingly, figures 48-50 show that these aggregates reside in

cavities in the matrix. This could be a result of void growth around the aggregates during
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deformation. Such a process can increase the amount of energy required to break the
sample and can therefore help to toughen the polymer matrix by increasing its energy
absorbing capability. This toughening mechanism is seen in rubber-toughened polymer
systems and involves cavitation of the rubber particles [218]. Milliman et al. studied a
similar POSS/polymer system and proposed a toughening mechanism based on voided
aggregates. Sanchez-Soto et al. [130] found holes and an absence of aggregates which
suggests low particle-matrix adhesion, opposite to our research. From this, it can be said
that there is good particle-matrix adhesion in our nanocomposite systems as a result of
good compatibility between the nanofiller and the polymer which could promote surface
interactions such as hydrogen bonding. Hydrogen bonding is known to occur in polymer-
POSS nanocomposite systems and can increase successful dispersion in the polymer matrix

[15,117,119,131,162,174,219,220].

The striations seen in the SEM images are features called craze remnants. Crazing is a typical

fracture mechanism of polycarbonate and contributes to its high toughness [221,222].

It seems that TSP-POSS influences the fracture morphology of the polymer matrix at
loadings below 0.3wt% and could potentially enhance the energy absorbing capability of the
polymer via two different toughening mechanisms which depend on its loading in the matrix.
The formation of stretched fibrils, observed for loadings between 0.1wt% and 0.3wt%
(figures 45-47) could be explained by an increased in ductility, which may be caused by the
presence of TSP-POSS in the polycarbonate matrix. A more nodular structure is observed for
higher TSP-POSS loadings (figures 48-50), which is more consistent with the polycarbonate
control, and due to increased POSS-POSS interactions, potential POSS aggregation. The
presence of POSS aggregates would explain why the matrix morphology is nodular like the
polycarbonate control and does not feature stretched fibrils like that seen in the
nanocomposites containing 0.1-0.3wt% TSP-POSS; less TSP-POSS is dispersed as molecules
in the matrix. Interestingly the aggregates seen appear to reside in a void, which is
suggestive of the toughening mechanism involving cavitation and plastic void growth

commonly seen in rubber-toughened polymer composite systems.

EDS was used to determine whether the white spherical objects were TSP-POSS aggregates

by comparing the silicon distribution in the polymer matrix to that of the artefacts. This is
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because POSS is silicon based whereas the polycarbonate matrix is not and so an increase in
silicon content could infer the presence of TSP-POSS. Figure 51 contains an EDS result; there
is a clear increase in the silicon peak height of spectrum 1, the artefact thought to be a TSP-
POSS aggregate in comparison to spectrum 2 which is the polymer matrix, and is suggestive
that the artefact is a TSP-POSS aggregate. EDS mapping of silicon was also carried out on an
area containing one of the white spherical objects (figure 52). There appears to be a higher
concentration of silicon in the area containing the artefact and again, this result indicates
that the white spherical objects seen in the nanocomposites containing 0.5 and 1w% TSP-
POSS are POSS aggregates. The intensity is relatively low due to the large interaction volume
of the EDS detector (1um) in comparison to the size of the artefacts but the resulting signal

is not insignificant.
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Figure 43 SEM micrographs of the polycarbonate control at a) low and b) high magnifications

showing the morphology of the fracture surface
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Figure 44 SEM micrographs of the fracture surface of PC/0.05wt% TSP-POSS at a) low and b) high

magnifications. It is similar in appearance to fig. 43
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Figure 45 SEM micrographs of the fracture surface of PC/0.1wt% TSP-POSS at a) low and b) high
maghnifications. Ductile features known as stretched fibrils are beginning to appear on the craze
remnants. Crazing is a typical fracture mechanism of polycarbonate and is an important source of

fracture toughness [221,222]
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Figure 46 SEM micrographs of fracture surface of PC/0.3wt% TSP-POSS at a) low and b) high

magnifications. Stretched fibrils are becoming more numerous with increased TSP-POSS content
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Figure 47 SEM micrographs of the fracture surface of PC/0.3wt% TSP-POSS at a) low and b) high
maghnifications. Stretched fibrils are clearly evident and again have increased in number with

increasing TSP-POSS content
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Figure 48 SEM micrographs of the fracture surface of PC/0.5wt% TSP-POSS at a) low and b) high
maghnifications. Spherical features are now present in the polymer matrix and are thought to be

TSP-POSS aggregates
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Figure 49 SEM micrographs of the fracture surface of PC/1wt% TSP-POSS at a) low and b) high

maghnifications. Spherical objects are becoming more numerous at increased TSPOPOSS content.
The objects are thought to be TSP-POSS aggregates and they appear to reside in a void which

could be a feature of a toughening mechanism found in rubber toughened systems.
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POSS at a) low and b) high

TSP-

Figure 50 SEM micrographs of the fracture surface of PC/1wt%

maghnifications. The white spherical objects could be potential TSP-POSS aggregates.
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Figure 51 (a) Electron image of the artefacts thought to be TSP-POSS aggregates (spectrum 1) and
the polymer matrix (spectrum 2) (b) EDS spectrum of spectrum 1 and spectrum 2 showing the
increase in silicon content between the two areas. The increase in silicon content is an indicator

that the artefacts are indeed TSP-POSS aggregates
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d

1pum

Figure 52 (a) Electron image of an artefact which is thought to be a TSP-POSS aggregate and (b)
EDS mapping of silicon of the area containing the artefact. There is a clearly an increase in silicon
content concentrated around the area of the artefact. This is an indicator that the artefact is a TSP-

POSS aggregate
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4.1.3. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was also used to assess the dispersion state of TSP-
POSS in the polycarbonate matrix. As TEM typically has a higher resolution than SEM it was
hoped that a more detailed picture of the dispersion state and of TSP-POSS itself could be

gained.

Microtomed specimens of the unmodified polycarbonate and the nanocomposites

containing 0.05wt% to 1wt% TSP-POSS were viewed at magnifications of 20,000 and 50,000.

Nanocomposites containing up to 0.5wt% TSP-POSS appeared visually identical to the
control sample and completely featureless (see figure 53(a)). From the manufacturer’s POSS
user guide, it is stated that good compatibility between POSS and polymer will allow the
POSS to “dissolve” in the polymer matrix and will result in a clear TEM image. These results

indicate that TSP-POSS is miscible in the polymer matrix as molecules.

Figure 53(b) contains a TEM image of PC/1wt% TSP-POSS. Ellipsoidal objects of no more
than 100nm are observed. Elemental analysis was carried out on the sample containing 1wt%
TSP-POSS to determine whether the artefacts were TSP-POSS aggregates. As TSP-POSS
contains silicon, any increase in the concentration of this element was used to indicate the
presence of TSP-POSS. However, no change in silicon concentration was detected,
suggesting that: (i) The observed objects seen in figure 53(b) are not TSP-POSS aggregates
and are probably just debris/chippings introduced during the sample preparation and (ii)
TSP-POSS is miscible in the polycarbonate matrix and has dispersed at the nanoscale. Any
TSP-POSS aggregates present could have been removed during the sample preparation

process.
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Figure 53 TEM images of (a) PC/0.5wt% TSP-POSS and (b) PC/1wt% TSP-POSS at 20k maghnification.
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4.2. Optical Properties
4.2.1. Ultraviolet-Visible Spectroscopy

The effect of TSP-POSS on the optical transparency of polycarbonate was assessed using UV-
Vis spectroscopy. The diffuse transmittance of polycarbonate and nanocomposites
containing between 0.05wt% and 1wt% TSP-POSS is shown in figure 55 for the wavelength

range, 300 nm-1000 nm.

It is clear from figure 55 that the addition of TSP-POSS does not have a detrimental effect on
the transparency of the polymer matrix. Miscibility of POSS in the polymer matrix will result
in maintenance of optical transparency. Immiscibility will result in haze in the samples [88].
Similar results were attained by lyer and Schiraldi for a PC/TSP-POSS nanocomposites
system and again, it was proposed that such a result suggests that POSS is dispersed at the
nanoscale or is soluble in the polymer matrix [107]. This is confirmed by SEM as visible
aggregates were less than 200 nm in size. In fact, all nanocomposite samples exhibit higher
levels of transparency than the control sample, with the transmission increasing with
increasing TSP-POSS content. PC/1wt% TSP-POSS transmits approximately 5% more light
from A = 400 to 1000nm than the unmodified polymer. The trend is not insignificant,
however the experimental error and variation in thickness between samples cannot be

ruled out and as such the trend could be a coincidence.

Yari and Mohseni [131] also observed an enhancement in optical transparency of a POSS
modified acrylic melamine clearcoat but did not specify why. It has also been stated in the
literature that transparency of polymers can be increased by the addition of nanofillers but

the exact reasons are not given [223].

In our research, it could be that TSP-POSS can reduce the diffuse reflectance of the
polycarbonate and decrease its absorption coefficient. This may be because the TSP-POSS
has modified the structure of polycarbonate somewhat or decreased the surface roughness.
Further testing and analysis would be required to fully understand this effect but due to

time limitation this was not able to be conducted in the course of the project.

Ultimately, the addition of TSP-POSS to the polycarbonate does not have a harmful effect on
the optical transparency of the polymer and is a good result for transparent armour

applications.
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Figure 54 Visual assessment of the transparency of the samples used in UV-Vis spectroscopy
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Figure 55 Transmission spectra of polycarbonate and its TSP-POSS modified nanocomposites
measured using UV-vis spectroscopy. TSP-POSS does not have a detrimental effect on the

transparency of polycarbonate and appears to increase it somewhat

4.3. Thermal Properties
4.3.1. Differential Scanning Calorimetry

To determine the annealing temperatures for the physical aging study, the glass transition
temperatures, Tg, of polycarbonate and three nanocomposites (containing 0.1wt%, 0.5wt%

and 1wt% TSP-POSS loading) were first measured using modulated differential scanning

, dc
calorimetry. T, values were taken as the peak values of d—Tp.

Table 3 contains the T, values for the polycarbonate control sample and the three
nanocomposites obtained from the MDSC heating scans. The effect of TSP-POSS on T, of

polycarbonate is marginal.
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Tg Tal TaZ Tas
wt% TSP-POSS (°C) (°C) (°C) (°C)
PC Control 144.2 134 132 130
AT 10.2 12.2 14.2
0.1 144.6 134.4 132.4 129.4
0.5 143.8 133.6 131.6 128.6
1 143.6 133.4 131.4 128.4

Table 3 The glass transition and aging temperatures of polycarbonate and its nanocomposites

containing 0.1wt%, 0.5wt% and 1wt% TSP-POSS

At the lowest loading of 0.1wt%, TSP-POSS increases T, of polycarbonate from 144.18 °C to
144.57 °C, a difference of 0.39 °C. At higher loadings (0.5-1wt%), TSP-POSS decreases T, of
polycarbonate to 143.83 °C and 143.63 °C, respectively. As these differences are small they
fall within the margin of error and can be lost in the noise of the experiments. Therefore, it
should be concluded that TSP-POSS addition of up to 1wt% has a negligible effect on the T,

of polycarbonate.

The variation in heat flow and complex heat capacity for polycarbonate and the
nanocomposites is shown in figure 56. Figure 56(a) shows that the heat flow is negative for
all samples, signifying an endothermic reaction i.e. a transition which takes in energy. It is
clear from figure 56(a) that the nanocomposites require the absorption of more heat to
undergo the glass transition than the polycarbonate control sample. This implies reduced
mobility of the polymer chains with the addition of TSP-POSS. Moreover, the dip in the heat
flow spectra of the nanocomposites (ca. 140°C), which represents the glass transition, is
larger than that of the polycarbonate control. Again, this symbolises an increased amount of
heat absorption in the nanocomposite samples. This idea is reflected in the heat capacity
curves displayed in figure 56(b). Specific heat capacity is a measure of the capability of a
substance to absorb energy and is therefore related to molecular mobility [224,225]. Figure

56(b) shows the peaks in the heat capacity (ca. 145°) which represent the glass transition
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temperature. It occurs at virtually the same temperature for the control sample and the
nanocomposite sample (Table 3 contains the T, values estimated from figure 56(b)).
However, the magnitude of the peaks is much larger in the spectra of the nanocomposite
than that of the control sample suggesting that TSP-POSS has increased the amount of
energy absorbed by the sample and that more energy is required to raise the temperature
of the sample and through the glass transition. This could be because POSS has impeded the
chain motion. This could either be due to the rigid structure of TSP-POSS or the formation of
bonds, such as hydrogen bonds, between the active Si-OH groups on the TSP-POSS and the
polar carbonyl groups of polycarbonate. The presence of such interactions would link the
nanofiller and the polymer chains together to form a network of sorts, which would require

more energy to go through the glass transition.
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Figure 56 (a) DSC heat flow and (b) derivative complex heat capacity of polycarbonate and its TSP-

POSS based nanocomposites
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4.4. Viscoelastic Properties

4.4.1. Dynamic Mechanical Analysis

Dynamic mechanical analysis was used to assess the effect of TSP-POSS on the viscoelastic
properties and glass transition of polycarbonate. The results can give information on the
dispersion of TSP-POSS in the polymer matrix and its effect on the chain dynamics.
Temperature ramps and frequency sweeps were performed on polycarbonate and
nanocomposite samples containing 0.05wt% - 1wt% TSP-POSS. The creep behaviour of the

nanocomposites was also studied using DMA.

4.4.1.1. Effect of Temperature

The temperature was varied from 80 °C — 180 °C during the temperature ramp at a heating
rate of 3 °C/min and using driving frequencies of 1 Hz and 10 Hz. Spectra of these results can
be seen in figures 57-59. The values of glass transition temperature, T, taken from the peak
value of the tané spectra can be found in figure 60 for the control samples and the TSP-

POSS based nanocomposites.

Focusing on figure 57(a), there are two observations that can be made in regards to how
TSP-POSS affects the storage modulus of polycarbonate at 1 Hz. Firstly, below 130 °C, all
nanocomposites except PC/0.05wt% TSP-POSS have a lower storage modulus than the
control sample. Perhaps a loading of 0.05wt% TSP-POSS is not high enough to have a
noticeable effect on the storage modulus of polycarbonate. SEM images show that the
fracture surface morphology of PC/0.05wt% TSP-POSS is similar in appearance to the control
sample and could explain the result in figure 57. Above 130 °C, the glass transition
temperature however, all nanocomposites (except PC/0.1wt% TSP-POSS) exhibit a larger

storage modulus than the control sample.
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Figure 57 Storage modulus of polycarbonate and its TSP-POSS based nanocomposites at a) 1Hz and

b) 10Hz showing the glass transition
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Figure 58 Loss modulus of polycarbonate and its TSP-POSS based nanocomposites at a) 1Hz and b)

10Hz over the glass transition
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A similar result was found by Martins et al. in a PVDF/Methacryl POSS system [123]. The
onset of the glass transition occurs earlier in the nanocomposites than it does in the
unmodified polycarbonate. When a frequency of 10 Hz is used, similar behaviour can be
seen. Overall, the results shown in figure 57 suggest TSP-POSS has a slight plasticising effect
on the polycarbonate matrix. Plasticisers work by increasing the free volume of the polymer
i.e. the amount of space a molecule has for internal movement. At the glass transition
temperature, the polymer chains gain enough kinetic energy to move around and relieve
stresses placed on them. This is exhibited as a decrease in the storage modulus and an
increase in the loss modulus of a polymer. Therefore, if the free volume of a polymer is
increased, the resulting increased chain mobility will mean less energy is required for the
chains to relieve the stresses placed on them, resulting in a reduction in Ty. It is possible that

TSP-PQOSS is able to increase the free volume of polycarbonate.

At both frequencies, there is a peak in the storage modulus spectra that precedes the glass
transition. According to literature, this corresponds to a rearrangement in the molecules to
relieve stresses that were “frozen in” below the glass transition temperature caused by the
polymer processing method. For this reason, it is common to anneal the sample prior to
DMA testing in order to eliminate processing effects [226]. However, this was not feasible in
our work as annealing the samples would cause them to soften and lose the required
dimensions for the DMA tests. Remoulding them would require processing again and would

nullify the effects of annealing.

Figure 58 shows the effect POSS has on the loss modulus of polycarbonate. Again, the effect
of TSP-POSS is two-fold; below 120 °C, loss modulus is lower for all nanocomposites in
comparison to that of the polycarbonate control, indicating a lower dissipation of energy
and more elastic behaviour. The peak of the loss modulus for the nanocomposites shifts to
the left, representing a glass transition that occurs earlier than that of the control sample.
The magnitude of the loss modulus is much lower when frequency is increased to 10 Hz.
This is because at higher frequencies polymer chains “freeze” slightly and exhibit reduced

mobility. As a result, less energy is dissipated and the result is a decrease in loss modulus.

The spectra in figure 59 show that upon addition of TSP-POSS there is a clear shift to the left

of the tané peak for both driving frequencies used. In this study the peak is taken as an
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estimation of the T, and the values are plotted in figure 60 showing that TSP-POSS reduces

the T, of polycarbonate at all loadings.

Dintcheva et al. [90] investigated the effect of structural and chemical differences on
polystyrene nanocomposites by using five different types of POSS, either with open or
closed cages and different organic groups. They found that cage structure affects the
rheological properties of the polymer and POSS dispersability; open cage structures have a
more pronounced plasticising effect than closed cage structured POSS types as they are
more flexible. TSP-POSS has an open cage structure, which would explain why it appears to
have a plasticising effect on the polycarbonate. It is proposed that the plasticiser effect is
due to 1) an increase in free volume, 2) a reduction in entanglement density and/or 3) a
reduction in frictional effects between matrix macromolecules. A lower T, suggests that the
free volume of the polymer matrix has increased. As POSS is comparable in size to the
polymer chain segments it has the potential to be able to integrate itself between chains,
spacing them out so they can move past one another more easily at lower temperatures.
This would imply that TSP-POSS is dispersed at the molecular scale. Moreover, TSP-POSS has

an open-cage structure.

For a driving frequency of 10 Hz, the height of the tané peaks of the nanocomposites
containing 0.3wt% - 1wt% TSP-POSS is larger than that of the polycarbonate control. As tané
represents the damping factor this result suggests that TSP-POSS increases the efficiency of
energy dissipation at these loadings [226]. Similar results were found by Zeng et al. who
studied a PVDF/FP-POSS system. In their work tané of the polymer increased with increasing
POSS content, reflecting greater viscous flow and corresponding to more efficient energy
dissipation [165]. The increased energy dissipation could be due to the potential toughening
mechanisms observation using SEM analysis (see figures 43-50). The height of the 10 Hz
tand peak is much larger in magnitude than that of the 1 Hz tand peak. This is because the
loss modulus for samples is lower at the higher testing frequency whilst the magnitude of

the storage modulus is virtually unaffected by an increase in frequency.

Overall, the results shown in figures 57-59 suggest TSP-POSS is able to form a single uniform
phase with the polymer implying good dispersion of the nanofiller. TSP-POSS is able to

interact with the polymer where it has a slight plasticising effect. This is shown by an earlier
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onset of the glass transition and lower T, values. Similar behaviour in other POSS/polymer
systems has also been found [124,125]. It is known that the type of polymer can determine
the effect that POSS has on its thermo-mechanical properties; bulky POSS cages can
increase the free volume of polymers and is generally the dominant effect when
incorporated into stiff, glassy polymers. In the case of rubbery polymers, the rigidity of POSS
helps to reinforce the polymer by restricting chain movement and reducing chain flexibility
[106]. Our work agrees with this statement; polycarbonate is a glassy polymer and our
research shows that TSP-POSS has a plasticising effect. As plasticisers work by embedding
themselves between polymer chains it follows that TSP-POSS is dispersed at the nanoscale,
either as single molecules or nanosized domains. The increase in free volume may
contribute to increased energy dissipation capability of polycarbonate, due to increased
chain motion and introduction of new toughening mechanisms, as suggested by increases in
the tané peak height of nanocomposites containing 0.3wt% - 1wt% TSP-POSS and the

observations made from the SEM micrographs of these nanocomposites.

The observation that TSP-POSS acts as a plasticiser contrasts with the conclusions drawn
from the DSC results, which is that TSP-POSS impedes chain motion perhaps due to the
formation of hydrogen bonds with the polymer. DSC is purely related to heating a sample
and breaking bonds whereas DMA involves applying heat and subjecting the sample to a
stress simultaneously. Perhaps, the proposed plasticising effects outweigh the potential

restricting effects of TSP-POSS seen in DSC when a stress is applied to the system.
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Figure 59 Tané of polycarbonate and its TSP-POSS based nanocomposites at a) 1Hz and b) 10Hz

over the glass transition
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4.4.1.2. Effect of Frequency
The effect of frequency on the viscoelastic properties of polycarbonate and its TSP-POSS

based nanocomposites can be seen in figure 61.

In figure 61(a), the storage modulus increases as frequency increases for both modified and
unmodified PC. This is because higher frequencies induce more elastic-like behaviour. At
lower frequencies, viscous behaviour dominates as the material has more time to relax and
respond [226]. There is not a clear trend with respect to POSS concentration; an increase in
polycarbonate storage modulus is seen with the addition of 0.05wt%, 0.3wt% and 0.5wt%
TSP-POSS, however the storage modulus of the nanocomposites containing 0.1wt% and 1wt%
TSP-POSS is lower than that of the polycarbonate control sample. However, at around 80 Hz,
the storage modulus of PC/1wt% TSP-POSS begins to surpass that of the control sample. It
would be interesting to perform frequency sweeps above 100 Hz to determine the potential
of TSP-POSS to reinforce the polycarbonate matrix at higher frequencies. Frequency

corresponds to strain rate as both are reciprocals of time and so subjecting the polymer
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nanocomposites to higher frequencies would give information on their response to higher

strain rates [227]. Unfortunately, we did not have the facilities to do such tests.

The peaks present in the curves represent the harmonics: natural resonant frequencies of
the samples. Unfortunately, these can obscure desired information. Changing the sample

dimensions can reduce resonance [226].

Figure 61(b) shows that for TSP-POSS loadings of 0.5wt% and 1wt%, the loss modulus is
larger in magnitude than that of the polycarbonate control. This implies that at higher
loadings of TSP-POSS the polycarbonate matrix becomes more viscous and is able to

dissipate more energy.

At lower loadings however, the loss modulus is similar or marginally lower. A higher tand
implies that the chains are less restricted. This follows on from the temperature ramp
results; nanocomposites containing 0.5wt% and 1wt% TSP-POSS have the lowest T, values

out of all samples tested (see figure 60).

The tané spectra shown in figure 61(c) display the same trend as that of the loss modulus
spectra; higher loadings cause an increase in tand whereas lower loadings do not have much
of an effect. It would appear that at higher loadings (<0.3wt%) POSS could slightly increase
the amount of energy the matrix can absorb and dissipate i.e. it increases the damping
factor of polycarbonate and could be due to the possible toughening mechanisms observed
in the SEM micrographs of these nanocomposites. At lower loadings POSS has a negligible
effect on the energy absorption and dissipation capabilities of polycarbonate. This could be
because at lower loadings TSP-POSS is miscible in the polymer matrix and has formed a

single uniform phase and cannot drastically affect the chain dynamics of the polymer.
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4.4.1.3. Creep Behaviour
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Figure 62 Creep spectra of polycarbonate and its TSP-POSS based nanocomposites at 1402C

The creep behaviour of polycarbonate and the TSP-POSS based nanocomposites was
characterised using DMA. The temperature was held at a constant 140 °C throughout the

test. Figure 62 contains the results from the creep experiments.

The polycarbonate control creeps at an increasing rate at the beginning of the experiment
(t<30minutes). The polycarbonate sample then creeps at a constant rate until the end of the
experiment where it reaches a creep compliance of 29550 umZ/N. The nanocomposites
creep at a slower rate at the beginning of the test in comparison to the control sample and
reach a more constant creep rate much faster (t<20minutes). Overall, the nanocomposites
containing up to 0.3wt% TSP-POSS creep less than the polycarbonate control, with PC/0.3wt%
performing the best. However, when TSP-POSS loading is increased to 0.5wt% and 1wt%,
the resulting nanocomposites creep at a much faster rate than the other samples

throughout the whole test, as shown by a steeper gradient, and overall deform more, with
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PC/0.5wt% and PC/1wt% reaching a creep compliance of 45936 um?/N and 53302 um?/N,

respectively.

These results suggest that TSP-POSS can have one of two effects on the creep behaviour of
polycarbonate. At lower loadings (below 0.5wt%) TSP-POSS reduces the amount that the
matrix deforms under a constant load. As the size of TSP-POSS molecules are comparable in
size to the polymer chains perhaps the more rigid TSP-POSS molecules are able to control
the movement of the polymer chains by restricting their motion and thus reducing the
amount the polymer creeps. TSP-POSS may have formed hydrogen bonds with the polymer
chains which increases the energy needed to compress the material. This would imply there
is a good dispersion of the nanofiller. Conversely, at higher loadings (above 0.3wt%) the
polycarbonate matrix deforms more. This could be due to the potential POSS aggregates
observed using SEM. It was proposed that these were involved in plastic void growth.
Therefore, it follows then that the nanocomposites may creep more due to this toughening
mechanism. This would also follow on from the decreases in T; measured from the tané

peak and nano-sized aggregates seen in the SEM images.
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Chapter 5 Mechanical Properties of Polycarbonate and its TSP-POSS
based nanocomposites

5.1. Tensile Test

Tensile tests were carried out at ambient temperature on polycarbonate and its TSP-POSS
based nanocomposites. The average values of Young’s modulus, tensile strength, elongation
at break and toughness of the nanocomposites were calculated and plotted into graphs. The

results can be found in figure 63 and table 4.

Figure 63(a) shows the Young’'s modulus of polycarbonate and its TSP-POSS based
nanocomposites. The average Young’s modulus of the polycarbonate control was (1.98 +
0.04 GPa). This figure agrees with previously documented values of ca. 2 GPa [228]. With
the addition of 0.05wt% TSP-POSS, the Young’s modulus measures as (1.97 + 0.07 GPa),
similar to that of polycarbonate. Increasing the concentration of TSP-POSS to 0.1wt%, the
Young’s modulus increases to (2.08 + 0.06 GPa) yet decreases to (2.03 + 0.05 GPa) for 0.3wt%
nanofiller loading. The Young’s modulus reaches a maximum for PC/0.5wt% TSP-POSS (2.13
+ 0.06 GPa), which is an 8% increase over the Young’s modulus of the control sample. This
can be explained by the higher amount of rigid nanoparticles/aggregates present which can
have a reinforcing effect on the polymer matrix which could either impede chain motion or
the propagation of cracks. However, for samples containing 1wt% TSP-POSS Young's
modulus decreases to a value similar to the control sample (1.97 + 0.03 GPa). At this loading,
the high concentration of POSS results in numerous aggregates (see section 4.1.2) which
could cause premature failure and brittleness as they act as potential stress concentrators in
the matrix. Overall TSP-POSS slightly increases the stiffness of the polycarbonate matrix
below concentrations of 1wt%. Looking at the graph as a whole and taking into account the
error bars, it would be expected that PC/0.3wt% TSP-POSS would have a Young’s modulus

value somewhere between the values of samples containing 0.1wt% and 0.5wt%.

Figure 63(b) shows that TSP-POSS only slightly increases the average tensile strength of
polycarbonate at all loadings. A maximum of (113 + 2 MPa) is achieved with 0.5wt% TSP-
POSS loading, which is an 8% increase over the tensile strength of the unmodified
polycarbonate (104 + 4MPa). However, the sample containing 0.3wt% does not follow the
trend of increasing tensile strength with increasing POSS content and again is expected to

have a tensile strength between that of 0.1wt% and 0.5wt% TSP-POSS loading.
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wt% TSP-POSS Young’'s Modulus Tensile Elongation at Toughness
(GPa) Strength Break (%) (Jm?)
(MPa)
Control 1.98 £ 0.04 104+ 4 8.44 +0.58 5.26 + 0.66
0.05 1.98 +0.07 108 + 2 9.06 £ 0.07 5.83+0.15
0.1 2.08 £0.06 112 +3 9.69 +0.54 6.56 £ 0.34
0.3 2.03 £0.05 1091 9.81+0.43 6.41+0.36
0.5 2.13 +£0.04 113+2 8.74 +£0.20 5.75+0.15
1 1.97 £0.03 1111 9.60 + 0.86 6.1+0.68

Table 4 Tensile properties of polycarbonate and its TSP-POSS modified nanocomposites

At 1wt% TSP-POSS loading, the tensile strength starts to decrease once more but is still
higher than that of the unmodified polycarbonate. From figure 63(b), tensile strength is
largely independent of TSP-POSS concentration from 0.1wt% to 1wt% TSP-POSS.

The influence of TSP-POSS on the elongation at break of polycarbonate can be seen in figure
63(c). There is a clear increase in the elongation at break with the addition of TSP-POSS,
with the ductility of the polycarbonate matrix increasing at all nanofiller loadings and a
maximum reached with 0.3wt% TSP-POSS loading (a 16% increase over that of the polymer
control). PC/0.5wt% TSP-POSS is the least ductile of all the nanocomposites with only a 4%
increase in comparison to the polycarbonate control. One would expect it to perform
somewhere between loadings of 0.3wt% and 1wt% TSP-POSS following the trend. The
increases in ductility could be related to the presence of stretched fibrils (see figures 45-47)

which increase the amount that the polymer chains can stretch/deform before breaking.

There appears to be a turning point in the data between 0.3wt% and 0.5wt% where a
sacrifice between strength and ductility occurs. The nanocomposite containing 0.3wt% TSP-
POSS is on average, the most ductile yet at this loading this comes with a decrease in tensile
strength and stiffness. Conversely, the opposite is seen in the nanocomposite containing
0.5wt% TSP-POSS; at this loading, a maximum is seen in the tensile strength and Young’s
modulus but this occurs alongside a reduction in ductility. SEM analysis suggests that POSS

forms aggregates at loadings higher than 0.3wt%.
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From the SEM micrographs, below this loading POSS appears to be finely dispersed within
the polymer matrix and exist at the molecular scale or as domains of a few nanometres.
Such dispersion would mean that POSS is able to locate itself between polymer chains
where it can interact more with the polymer chains and potentially form hydrogen bonds
which “link” together the polymer chains to form a stretchy network that allows the chains
to deform more before failure, thus increasing the energy absorption capability of the
polymer. This could explain why stretched fibrils are formed in these nanocomposites.
Energy will also be required to break the hydrogen bonds between the filler and polymer.
The tensile tests show that below 0.3wt% loading, POSS increases the ductility and strength
of the polycarbonate but at 0.3wt% loading the POSS molecules simply plasticise the matrix.
This could be due to the increased number of stretched fibrils seen in this nanocomposite
which may increase the ductility at the sacrifice of strength. At 0.5wt%, the presence of
POSS aggregates appear to increase the strength and stiffness but at the sacrifice of ductility.
From the SEM micrographs, the amount of visible aggregates increased in number as POSS
loading increased to 1wt%. At this loading, the Young’s modulus decreased sharply so that it
was similar to the control sample. Perhaps the amount of aggregates surpassed a critical
value, above which they collectively increase stress concentration in the matrix and cause

premature failure, resulting in decreased stiffness of the polymer.

The results so far can be better understood by measuring the toughness of the
nanocomposites. This was done by calculating the area under the stress-strain graphs.
Figure 63(d) shows that on average, all nanocomposites were tougher than the unmodified
polycarbonate. Toughness increases from (5.26 + 0.66 Jm'a) for the polycarbonate control to
(6.56 + 0.34 Jm?) for 0.1wt% TSP-POSS loading, where it reaches a maximum (a 24%
increase over the original polymer). Toughness then begins to decrease after 0.1wt% TSP-
POSS loading but is still improved by 21% (0.3wt%), 9%(0.5wt%) and 16% (1wt%) on average.
This agrees with the observation of a turning point in the data; smaller enhancement of the
toughness of polycarbonate at loadings above 0.3wt% TSP-POSS, which could be due to the
TSP-POSS aggregates observed during SEM acting as stress concentrators and/or reducing

chain mobility (see figures 43-50 section4.1.2).

Results show that the optimum loading of TSP-POSS is between 0.1wt% and 0.5wt% TSP-

POSS loading. Ductility reaches a maximum at 0.3wt% loading, perhaps due to increased
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plasticisation. We can see from the SEM analysis that the morphology of PC/0.3wt% is the
most ductile from the increased number of stretched fibrils present. Tensile strength and
Young’s modulus is optimised at a higher loading of 0.5wt% perhaps due to a restriction in
chain motion by the TSP-POSS aggregate. Or, the TSP-POSS aggregates act as obstacles to
the crack path. In figures 51 and 52, small cracks can be seen on the TSP-POSS aggregates.
This suggests that the crack has passes through the aggregates during fracture. As the
aggregates are stiffer than the polycarbonate matrix due to the rigid nature of TSP-POSS,
the strength of the polycarbonate would increase. The toughness reaches a maximum with
a TSP-POSS loading between 0.1wt%-0.3wt% TSP-POSS. This could be due to an increase in
ductility, as suggested by the formation of stretched fibrils (figures 45-47). Perhaps in these
nanocomposites the apparent molecular dispersion of TSP-POSS allows the formation of a
hydrogen bonded stretchy network, which holds together the polymer chains and allows
them to deform more until failure which results in the formation stretched fibrils. DSC
suggests that there is an increase in the energy needed to go through the glass transition for
the nanocomposite which could be a result of a possible hydrogen bonded network within

the nanocomposites.

5.2. Drop test

A simple drop test was performed on polycarbonate and the TSP-POSS modified
nanocomposites in order to determine if the materials satisfied the minimum impact
resistance required for eye protection applications following the US ANSI Z87.1 standard. In

order to pass a sample must not break or exhibit any cracks or chips.

Table 5 contains the drop test results. All nanocomposites passed the test except PC/0.5wt%
TSP-POSS loading and one of the polycarbonate samples. Figure 64 contains images of the
failed samples and it shows how cracks formed at the site of impact. The second sample
containing 0.5wt% TSP-POSS completely broke into two pieces as a result of the cracking.
The surface of the samples was not completely smooth. This was because it was difficult to
get a completely even surface during compression moulding. The Kapton film had a
tendency to wrinkle and cause slight bumps and ridges on the sample surface. When the
ball impacts the uneven surface, the impact energy is not spread evenly and will result in
more concentrated areas, resulting in premature failure. This could explain why the samples

containing 0.5wt% TSP-POSS failed. Overall, the results obtained from the test prove that
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the samples have the minimum impact resistance for protective eyewear and that the
addition of TSP-POSS does not have a detrimental effect on the suitability of polycarbonate

for such applications.

wt% TSP-POSS Sample no. Outcome

Polycarbonate control 1

0.05 1

0.1 1

0.3 1

0.5 1

Table 5 The results from the drop test following the US ANSI Z87.1 standard for protective

eyewear
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Figure 64 Failed drop-ball test samples: (a) Polycarbonate control, (b-c) PC/0.5wt% TSP-POSS
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5.3. Instrumented Falling Weight Impact Test (IFWIT)

Instrumented falling weight impact testing was carried out on polycarbonate and its TSP-
POSS based nanocomposites to assess the effect that TSP-POSS has on the impact
properties of polycarbonate at low velocities. A 2 kg mass was attached to the dart so that
the total mass striking the specimen was 2.2 kg. Average values for maximum peak force
and initiation, propagation and total energy were calculated from the force-distance curves

obtained from the tests.

5.3.1. Effect of dart velocity
5.3.1.1. Dart Velocity: 3.12 ms!

Overall, all nanocomposites exhibited better impact resistance than the polycarbonate
control. Average values for maximum peak force and initiation, propagation and total
energy of the nanocomposites were higher than those of the unmodified polymer. This
shows that the addition of TSP-POSS into the polycarbonate matrix improves the
performance of polycarbonate and simultaneously enhances its strength and energy

absorption capabilities. The results can be found in figure 65 and table 6.

The maximum peak force increases with increasing TSP-POSS content up to 0.5wt% TSP-
POSS, where the maximum reaches an average of (746 + 14 N), an increase of 12% over that
of the polycarbonate control. Thereafter, the average value decreases to (735 + 32 N) for
PC/1wt% TSP-POSS (11% increase), although taking into account the large statistical error,
the value is still higher than that of the polycarbonate control and potentially the PC/0.5wt%
TSP-POSS. Perhaps in some samples, there are more POSS aggregates or defects which act
as stress concentrators, causing premature failure. The results show that TSP-POSS
increases the maximum amount of force polycarbonate can withstand before failure. The
presence of POSS particles at the molecular scale may increase energy dissipation by
inducing the formation of stretched fibrils perhaps due to the formation of a hydrogen
bonded network and again, TSP-POSS aggregates may increase the energy required to break

the samples and thus the strength of the polymer matrix by obstructing the path of cracks.
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and (d) total energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using

dart velocity, 3.12 ms™
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wt% TSP-POSS = Maximum Force Initiation Propagation Total Energy
(N) Energy Energy (Jm"”)
(m?) (Im?)
Control Sample 665 + 15 2.65+0.14 0.445 +0.011 3.07£0.14
0.05 699 + 26 292 +0.25 0.478 £ 0.032 3.37+0.26
0.1 700 £ 27 2.92 +£0.27 0.454 +0.019 3.39+0.26
0.3 713 +16 2.93+0.15 0.479 +0.016 3.39+0.15
0.5 746 + 14 3.2+0.14 0.479 £ 0.008 3.66+0.14
1 735+ 32 3.04 +0.32 0.489 +0.015 3.52+0.31

Table 6 Average values of maximum peak force, initiation energy, propagation energy and total
energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using dart velocity,

3.12 ms*

Initiation energy, the amount of energy required to create a crack in the sample, follows the
same trend as the maximum peak force result; a maximum of (3.2 £ 0.14 Jm™) is obtained
upon addition of 0.5wt%, an increase of 21% over the original polycarbonate. This result
agrees with the previous idea that the addition of TSP-POSS increases the energy absorption
and dissipation capabilities of polycarbonate. Again, the addition of 1wt% TSP-POSS results
in a smaller enhancement of the average initiation energy which causes a slight downward
trend from 0.5wt% loading but the initiation energy of polycarbonate is still increased by 14%
with 1wt% TSP-POSS. However, there is a large statistical error for this loading and could be
a result of increased aggregates in some or parts of the samples which act as stress
concentrators to cause premature failure and decreased energy absorption/dissipation

capabilities.

Again, the propagation energy of the nanocomposites was higher than that of the control
sample, albeit following a slightly different pattern than the trend displayed in the
maximum peak force and initiation energy graphs. The average propagation energy of
polycarbonate measured (0.445 + 0.011 Jm), which increased by 7% to (0.478 + 0.031 m3)
upon addition of 0.05wt% TSP-POSS into the matrix. However, increasing the loading to
0.1wt% caused the propagation energy to decrease to (0.454 + 0.019 Jm™) which is only a 2%
increase over the value of the original polymer. It then began to increase again until it

reached a maximum average of (0.489 + 0.015 Jm'3) for PC/1wt% TSP-POSS, an increase of
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10%. PC/0.05wt% TSP-POSS has a large standard deviation shown as a large error bar. This
could be due to defects in the sample from processing, which decrease the propagation
energy and result in premature failure of some of the samples. Fitting a cubic curve to the
graph of the average results shows a positive trend i.e. the addition of TSP-POSS increases

the propagation energy of polycarbonate.

The average values for the total energy absorbed by the nanocomposites were larger than
that of the unmodified polycarbonate. The average total energy absorbed by the
polycarbonate control sample was (3.07 £ 0.14 Jm™3). A maximum of (3.66 + 0.14 Jm?>) was
reached by the sample containing 0.5wt% TSP-POSS, an increase of over 19% of the
unmodified polymer. The average value then decreased once more upon further TSP-POSS
loading to (3.52 *+ 0.31 Jm™). Again, the data value of PC/1wt% TSP-POSS has a large
statistical error which could be due to stress concentration from increased number of POSS

aggregates causing some samples to fail early.

These results show that the addition of TSP-POSS increases the toughness of polycarbonate
up to 0.5wt% TSP-POSS by increases in initiation energy and total energy. Beyond this
loading, the total energy begins to decrease once more although samples containing 1wt%
TSP-POSS still possess a higher amount of energy absorption than the control sample. This
could be due to aggregates or defects in the samples. It is interesting to note that PC/1wt%
possessed the highest average propagation energy value, which could be a result of
aggregates involved in crack pinning. The formation of a void around the potential POSS
aggregates and cracks on the surface of the aggregates seen by SEM (figures 43-52) could be
an indicator of this mechanism whereby the POSS aggregates slow down the crack

propagation by increasing the amount of energy needed to pass through the aggregates.

Considering the data presented in figure 65 and table 6, the optimum nanofiller loading at
low velocities is 0.5wt%. Generally, the error bars are the largest when 1wt% TSP-POSS
loading is used and is probably due to the increased number of aggregates in the samples
which can act as stress concentrators causing premature failure of the samples. Overall, the
addition of TSP-POSS increases the total amount of impact energy the polycarbonate can
withstand before failure and could be due to (i) increased ductility by the formation of

stretched fibrils which could be a result of the formation of a hydrogen bonded network at
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loadings below 0.5wt%, whereby the TSP-POSS is miscible in the matrix and dispersed at the
molecular scale. At loadings of 0.5wt% and 1wt% TSP-POSS aggregates may slow down crack
movement and thus increase the energy required for the crack to form in the sample, this

increasing the toughness of the material via this mechanism.

5.3.1.2. Dart Velocity: 3.96 ms-1

The dart velocity was increased to 3.96 ms™ by increasing the height of the dart from 0.5 m

to 0.8 m above the specimen. The results can be found in figure 66 and table 7.

Figure 66 shows that overall the optimum TSP-POSS loading has shifted to a lower value of
0.1wt% and that at higher loadings the degree of enhancement is reduced or even that the
properties are reduced in comparison to the control samples. However, the results of the
sample with 0.3wt% appear to be anomalous as they do not fit in with the trend displayed in
the graphs. This could be due to the amount of POSS having a larger plasticising effect or

presence of defects in the sample introduced during processing.

The maximum peak force reaches a maximum of (757 + 25 N), an increase of 6% over the
unmodified polycarbonate, upon addition of 0.1wt% TSP-POSS. It then decreases with
further loading, where samples containing 0.3wt% and 1wt% have average maximum peak
force values lower than that of the control. As previously discussed, PC/1wt% TSP-POSS
seems to contain an increased amount of aggregates which could act as stress concentrators

in the polymer matrix.

The graphs containing the average values of initiation and total energy of polycarbonate and
its TSP-POSS based nanocomposites also show the same trend as the maximum peak force
results with maximum values being reached with 0.1wt% loading and minimum average
values with 0.3wt% TSP-POSS loading. The initiation energy and total energy of
polycarbonate increases by over 22% and 18%, respectively, with the addition of 0.1wt%
TSP-PQOSS. Both the initiation energy and total energy of polycarbonate is reduced by just
over 5% with the addition of 0.3wt% TSP-POSS.

However, the propagation energy reaches on average a minimum value with the addition of
0.1wt% TSP-POSS (~4% decrease) and a maximum value with the addition of 0.3wt% TSP-

POSS (2%). These differences are insignificant when taking error into account and therefore
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it can be taken that the propagation energy of polycarbonate at this dart velocity is largely

unaffected by TSP-POSS.

Overall, at this dart velocity the total energy of polycarbonate i.e. the total energy absorbed
is increased with the addition of 0.1wt% TSP-POSS, which appears to be the optimum
loading. The results in figure 66 and table 7 suggest that this is achieved by increasing the
initiation energy (the amount of energy required to initiate a crack in the sample). Further
loading leads to a more ductile material as indicated by increased number of fibrils
(PC/0.3wt% TSP-POSS) which decrease impact resistance or aggregation which act as stress
concentrators (PC/0.5wt% TSP-POSS and PC/1wt% TSP-POSS) to create a more brittle

material.
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Figure 66 Average (a) maximum peak force, (b) initiation energy, (c) propagation energy and (d)
total energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using dart

velocity, 3.96 ms™
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wt% TSP-POSS = Maximum Force Initiation Propagation Total Energy
(N) Energy (Jm?) Energy (Jm?) (Im?3)

Control 712 £ 11 292 +0.10 0.502 + 0.065 3.41 £ 0.08
0.05 750 + 16 3.42+0.13 0.491 +0.077 3.89+0.13

0.1 757 £ 24 3.57+0.28 0.481 + 0.026 4.02 +0.28

0.3 679 £ 12 2.76 £0.13 0.512 £ 0.025 3.21+£0.13

0.5 724 +14 3.13+0.05 0.493 + 0.027 3.61 +0.06

1 702 £ 17 292 +0.10 0.48 +0.028 3.37+0.10

Table 7 Average values of maximum peak force, initiation energy, propagation energy and total
energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using dart velocity,

3.96 ms*

Figure 67 Evidence of petalling in post-FWIT sample
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5.3.1.3. Dart Velocity: 4.85 ms-1

The dart velocity was increased further by raising the height of the dart to 1.2 m. The results

can be found in figure 68 and table 8.

The maximum peak force of all nanocomposites was on average higher in value than
polycarbonate however, there does seem to be some irregularities. Initially the maximum
peak force increases with the addition of TSP-POSS up to a loading of 0.1wt%, where it
reaches a maximum value of (847 + 11 N), a 23% increase over the control sample. For
samples containing 0.3wt%, 0.5wt% and 1wt% the maximum peak force increases by 16%, 6%

and 17%, respectively over that of the polycarbonate control.

Initiation energy and total energy follow the same trend as shown in the maximum peak
force results. Initiation energy reaches a maximum value of (3.86 + 0.14 Jm™) upon addition
of 0.1wt% TSP-POSS, a 55% increase in comparison to the control polymer. This results in a
maximum in total energy in PC/0.1wt% TSP-POSS: (4.56 + 0.14 Jm?), a 22% increase over

that of the unmodified polycarbonate.

The shape of the propagation energy is a mirror image of the shape of the graphs of
maximum peak force, initiation energy and total energy, with all nanocomposites having
lower propagation energy on average; the propagation energy decreases and reaches a
minimum value for the sample containing 0.1wt% TSP-POSS. It then begins to increase again
for nanocomposites containing between 0.3wt% and 0.5wt% TSP-POSS but decreases once
more upon the addition of 1wt% TSP-POSS. These results imply that if the initiation energy
increases, the propagation energy must decrease and vice versa. In other words, the sample
becomes resistant to cracking as it is able to absorb more energy but once a crack has been
formed it is easier for it to propagate through the sample to complete failure. If the

propagation energy increases, the sample must plastically deform more.
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total energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using dart

velocity, 4.85 ms™
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wt% TSP-POSS = Maximum Force Initiation Propagation Total Energy
(N) Energy Energy (Jm?3)
(m?) (m?)

Control 687 + 11 2.49+0.09 0.758 £ 0.022 3.19 £+ 0.09
0.05 750 £ 29 2.98 £0.22 0.728 + 0.008 3.67£0.22

0.1 847 + 11 3.86+0.14 0.700 £ 0.013 456 +0.14

0.3 802 £ 29 3.58+0.28 0.733 £0.019 4.22 £0.28

0.5 733 £ 37 294 +0.33 0.751 +0.017 3.63+£0.32

1 807 £ 10 3.53+0.07 0.703 £ 0.007 4.18 £ 0.07

Table 8 Average values of maximum peak force, initiation energy, propagation energy and total
energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using dart velocity,
4.85 ms™

5.3.1.1. Dart Velocity: 5.42 ms!

The dart velocity was once again increased by increasing the height of the dart to 1.5 m, the
maximum height used in this experiment. Figure 69 and table 9 contains the results. Overall,
on average the optimum TSP-POSS loading when using this dart velocity is 0.5wt% although
the improvements are lower in magnitude. Further loading to 1wt% again decreases the
impact properties of polycarbonate potentially due to increased stress concentration caused

by the presence of more TSP-POSS aggregates, as mentioned previously.

The maximum peak force of polycarbonate is generally increased slightly with the addition
of TSP-POSS. It reaches a maximum of (775 + 21 N) with the addition of 0.5wt% TSP-POSS,
which is only a 5% increase over the value for the polycarbonate. However, with 1wt% TSP-
POSS loading, on average the maximum peak force of the resultant nanocomposite is similar
to that of the control sample. This follows on from the observations on PC/1wt% TSP-POSS

so far.

The results shown in figure 69(c) show that with the addition of the higher loadings of TSP-
POSS (<0.1wt%), the propagation energy increases in comparison to the control sample. It
reaches a maximum of (0.801 + 0.023 Jm™) with the addition of 0.5wt% TSP-POSS, although
this is only a 3% increase over the value of the unmodified polycarbonate and falls within

the error margins.
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The total energy absorbed by polycarbonate is generally increased slightly with the addition
of TSP-POSS (see figure 69(d)). It reaches a maximum of (4.22 £ 0.24 Jm™3), an increase of 12%

over that of the polycarbonate control sample.

Figure 70 contains graphs of the ratios between initiation energy and total energy and also
between propagation energy and total energy. The graphs can show if TSP-POSS affects the
initiation energy of polycarbonate more or the propagation energy. Essentially, the impact
resistance of polycarbonate is increased with the addition of TSP-POSS and that most of the
energy absorption occurs in the initiation event; total energy during the event is roughly

estimated as a ratio of 4:1 between initiation energy and propagation energy.

Figure 70(a) shows that despite some variation in the data, the overall trend is that at all
velocities the addition of TSP-POSS does not have a detrimental effect on the initiation

energy and generally increases it when loadings of up to 0.1wt% are used.

Conversely, figure 70(b) shows that a reduction in propagation energy of polycarbonate
occurs on adding up to 0.1wt% TSP-POSS, and upon further loading the propagation energy
is generally unaffected. Generally, the minimum values of propagation energy and
maximum of initiation energy values occur when 0.1wt% TSP-POSS loading is used. This
implies that at this loading more energy is required to form a crack but once a crack has

formed, it is easier for it to propagate through the sample until complete failure occurs.
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Figure 69 Average (a) maximum peak force, (b) initiation energy, (c) propagation energy and (d)
total energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using dart

velocity, 5.42 ms™
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wt% TSP-POSS = Maximum Force Initiation Propagation Total Energy
(N) Energy Energy (Jm?)
m?) (m?)

Control 733 +26 3.05+0.26 0.772 £0.018 3.76 £0.26
0.05 763 £ 16 3.33+0.17 0.741+ 0.015 4.07 +£0.16

0.1 758 £ 21 3.36£0.27 0.756 + 0.018 4.07 £0.26

0.3 753 £ 16 3.26+0.18 0.777 £0.018 4.00£0.18

0.5 775+ 21 3.46 £ 0.26 0.801 + 0.023 4.22 +0.24

1 727 £ 11 292+0.14 0.785 + 0.015 3.64+0.13

Table 9 Average values of maximum peak force, initiation energy, propagation energy and total
energy of absorbed by polycarbonate and its TSP-POSS based nanocomposites using dart velocity,
5.42 ms™

Figure 71 shows how the maximum peak force and total energy is affected by TSP-POSS
content at all dart velocities. Mostly, the maximum peak force (figure 71a)) and the total
energy (figure 71b)) of the nanocomposites does not fall lower than the values of the
polycarbonate control and in fact, in the vast majority of cases the addition of TSP-POSS

results in improvements in these properties.

To summarise the general improvement in the impact resistance of polycarbonate by the
addition of TSP-POSS depends on the dart velocity, the loading of TSP-POSS in the
polycarbonate matrix which in turn, from the SEM micrographs (figures 43-52) affects the
morphology and nanostructure of the nanocomposites and potentially their fracture

mechanisms.

At dart velocities of 3.12 m/s and 5.42m/s, the optimum TSP-POSS loading is 0.5wt% and
could be a result of the TSP-POSS aggregates (see figures 48-52) which impede the crack
formation by potential void formation and evidence of cracks on the surface of the TSP-

POSS aggregates.

At the other two dart velocities used, the optimum TSP-POSS loading decreases to 0.1wt%.
At the lower loading of 0.1wt%, TSP-POSS appears to be miscible in the polymer matrix and
contribute to increased stretched fibril formation, perhaps as a result of hydrogen bonding

within the polymer matrix. However, this cannot be proven.
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Dart velocity

(ms™)

3.12
3.96
4.85
5.42

Optimum
TSP-POSS
loading
(wt%)
0.5
0.1
0.1
0.5

Initiation

energy (Jm?)

21% Increase
22% Increase
55% Increase

2% Increase

Chapter 5 Mechanical Properties

Propagation

energy (Jm?)

8% Increase
4% Decrease
8% Decrease

3% Increase

Total energy

(m?)

19% Increase
18% Increase
22% Increase

12% Increase

Maximum

peak force

(N)

12% Increase
6% Increase
23% Increase

5% Increase

Table 10 The optimum TSP-POSS loadings for each dart velocity and the effect that these had on

the impact properties measured from the results of the falling weight impact tests

This appears to increase the ductility of the matrix and its energy absorbing capabilities

(seen as increases in total energy, E7) by increasing the energy needed to initiate a crack

(evidenced by increases in initiation energy, E;). It could be that the aggregates acted as

stress concentrators at these dart velocities causing premature failure.

Overall, the addition of TSP-POSS mainly improves the impact resistance of polycarbonate

by increasing the energy required to form a crack which increases the energy absorbing

capabilities of the polycarbonate matrix. Most of the energy absorption occurs in the

initiation event; total energy during the event is roughly estimated as a ratio of 4:1 between

initiation energy and propagation energy. Table 10 highlights the optimum values for each

dart velocity and the effect these loadings had on the average impact properties measured

during the FWIT.
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5.4. Split-Hopkinson Pressure Bars (SHPB)

Split-Hopkinson pressure bars were used to test the performance of the polymer
nanocomposites at higher strain rates (magnitude ~10° s). Two aperture settings were
used, 7.9 mm and 7.9 mm + 12 mm, to vary the speed at which the projectile moves
through the chamber in order to investigate the effect of impact velocity on the specimen.
The voltage-time curves that were produced were converted into stress-strain graphs so
that properties such as Young’s modulus, yield stress and energy absorption of the
nanocomposites could be determined. As there was little variation in the data, three
samples per TSP-POSS concentration were tested to give average values of the above

properties.

5.4.1. Aperture: 12 mm
The aperture of diameter 12 mm corresponding to an area of 1.13E*m? was used. The
strain rate in the samples ranged from 2490.8 s™ to 8359.3 s™ and depended on TSP-POSS

concentration

Samples did not exhibit any cracking or visible marks post-testing but rather absorbed

energy through deformation so that thickness decreased and diameter increased.

From figure 72 it can be seen that the stress-strain curves of the control sample and the
polymer nanocomposites are similar in shape; the sample obeys Hooke’s law until it reaches
the elastic limit, thereafter the sample yields and deforms plastically and exhibits some
limited strain hardening until the sample fails. The maximum strain increases with the

addition of TSP-PQOSS at all nanofiller concentrations.

Figures 73-77, contain the average values of Young’s modulus, yield stress, energy
absorption evolution, ultimate strength and strain rate. Overall, the addition of TSP-POSS
does not have a clear effect on the Young’s modulus of polycarbonate (figure 73). The
average Young’'s modulus of polycarbonate measured as (29.2 + 1.8 GPa). Initially, the
addition of 0.05% TSP-POSS decreases the average Young’s modulus by 4% to (28 + 2.2 GPa),
however, taking error into account it can be seen that this effect is negligible. Increasing the
TSP-POSS loading to 0.1wt% does not affect the average value of Young’s modulus of
polycarbonate. Increasing the TSP-POSS content further increases the Young’s modulus to
(31.8 £2.2 GPa), a 7% increase over that of the unmodified polymer.
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Figure 72 Stress-strain curves from SHPB testing of polycarbonate and its TSP-POSS based

nanocomposites using a 12 mm aperture

It then decreases again for PC/0.5wt% TSP-POSS to (25.8 + 2.9 GPa) but increases to (34.1 +
1.5 GPa) when 1wt% TSP-POSS is incorporated into the polycarbonate matrix, a 17%
increase in comparison to the polycarbonate control and the highest value obtained in the
test. Perhaps when the deformation is of a compressive nature, the higher amount of rigid
POSS aggregates present in the matrix (from SEM analysis) of PC/1wt% TSP-POSS increase

the stiffness of the polymer by restricting the chain motion.

Figure 74 shows that overall, the addition of TSP-POSS to the polycarbonate matrix has a
positive effect on the yield stress of the polymer. The average yield stress of polycarbonate
was measured to be (173 + 7 MPa). All nanocomposites exhibited a higher average yield

stress in comparison to that of the control sample, however, the average value for PC/0.5wt%
TSP-PQOSS appears to be an outlier as it only increases by 4% which falls within experimental

error.
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Figure 73 Average Young's modulus of polycarbonate and its TSP-POSS based nanocomposites

using a 12 mm aperture

Initially the yield stress increases for 0.05wt% and 0.1wt% where it reaches (212 + 14 MPa),
however it then decreases to (206 + 4 MPa) and (180 + 12 MPa) for PC/0.3wt% TSP-POSS
and PC/0.5wt% TSP-POSS, respectively. However, upon further addition of TSP-POSS, the
sample containing 1wt% TSP-POSS reaches a maximum of (227 + 6 MPa), a 31% increase
over that of the unmodified polycarbonate control. This suggests that the polymer chains in
PC/1wt% TSP-POSS are restricted somehow so that they do not plastically deform as early
on in the test. Again, this could be due to the presence of numerous rigid POSS aggregates
which impede the chain movement during compressive deformation and/or form hydrogen
bonds with the polymer chains, further increasing their rigidity and yield strength. Notably,
the maximum yield stress is achieved with the maximum loading of 1wt% TSP-POSS, which is
also the sample that exhibited the largest amount of aggregates. It could be that the
aggregates are able to restrict the chain motion more therefore increasing the yield strength

of polycarbonate.
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Figure 74 Average yield stress of polycarbonate and its TSP-POSS based nanocomposites using a 12

mm aperture

The energy absorption was measured at strain values of 5%, 10%, 20%, 30% 40% and 50% to
produce energy evolution graphs (see figure 75). Overall, it can be seen that the energy
absorption capability of polycarbonate is improved with the addition of TSP-POSS and could
be due to the formation of a stretchy hydrogen bonded network between the TSP-POSS
molecules and the polymer chains at loadings below 0.5wt% and the presence of TSP-POSS
aggregates at loadings of 0.5wt% and 1wt%, as proposed previously. All nanocomposites
failed at a strain value above 40% whereas polycarbonate did not. The nanocomposite
containing 1wt% TSP-POSS performed the best over the entire strain range, absorbing the
largest amount of energy out of all samples tested. At 50% strain, PC/1wt% TSP-POSS
absorbed 8.99 MJ.m™. At 40% strain, polycarbonate absorbed 5.87 MJ.m™ whereas PC/1wt%
TSP-POSS absorbed 7.28 MJ.m™, a 24% increase in energy absorption.
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Figure 75 Average energy absorption evolution graphs for polycarbonate and its TSP-POSS based

nanocomposites using a 12 mm aperture

This enhancement in energy absorption could again be due to the presence of aggregates
(=100 nm — 200 nm in diameter) which may be involved in void formation which acts as a

toughening mechanism (see section 4.1.2 and figures 48-52).

Figure 76 shows the ultimate stress reached in the specimens, i.e. their ultimate
compressive strength. The average ultimate stress of the polycarbonate was (195 + 1 MPa).
Samples containing 0.1wt%, 0.3wt% and 1wt% TSP-POSS were stronger than the
polycarbonate control sample, with a maximum of (235 + 5 MPa) being reached in the
sample containing 1wt% TSP-POSS, a 21% increase over the unmodified polymer.
Nanocomposites containing 0.05wt% and 0.5wt% TSP-POSS performed similarly to the

polycarbonate control samples but had large statistical errors.
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Figure 76 Average ultimate stress of polycarbonate and its TSP-POSS based nanocomposites using

a 12 mm aperture

The strain rate was calculated for each sample. The average values can be found in figure 77,
showing that strain rate is larger in the nanocomposites than it is in the unmodified polymer
i.e. the change in strain with respect to time is increased. The average strain rate in
polycarbonate is 3165 st The average strain rate reaches a maximum of (6826 + 735 s in

the sample containing 0.5wt% TSP-POSS.

Higher strain rates induce stiffer behaviour and result in increases in stiffness and modulus;
from these results it would seem that the addition of TSP-POSS to the polycarbonate matrix
could result in a stronger and stiffer material with increased elastic behaviour and load-

bearing capabilities before failure.
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Figure 77 Average strain rate in the SHPB testing of polycarbonate and its TSP-POSS based

nanocomposites using a 12 mm aperture

Overall, the addition of TSP-POSS has a positive effect on the impact properties of
polycarbonate at high strain rates by enhancing both yield stress and energy absorption
capability of polycarbonate and having a modest effect on the stiffness and strength of the
polymer. The optimum loading was 1wt% TSP-POSS, which displayed the maximum values in
all properties measured. This could be due to the increased presence of TSP-POSS
aggregates in PC/1wt% TSP-POSS which may help to further reinforce the polymer matrix via
restriction of chain mobility. As energy absorption increases along with yield stress, it would
appear that the mechanism by which TSP-POSS enhances the matrix during impact of a
compressive nature simultaneously reinforces the polymer chain matrix and allows it to
absorb more energy. This could be because two mechanisms are involved; the restriction of
polymer chains in the vicinity of TSP-POSS aggregates and the toughening of the matrix by
the formation of a hydrogen bonded network of polymer chains and the TSP-POSS
molecules situated between them and/or the potential void formation around the TSP-POSS

aggregates seen in figures 48-52.
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5.4.2. Aperture: 7.9 mm + 12 mm

The apertures of diameter 7.99 mm and 12 mm which corresponded to an area of 5.03E” m?
and 1.13E™* m?, respectively, was removed during the test to increase the speed at which
the projectile is fired. Again, the samples did not exhibit any cracking or visible marks post-
testing but absorbed energy through deformation so that thickness decreased and diameter

increased.

Figure 78 shows that again, the stress-strain curves of the control sample and the polymer
nanocomposites are similar in shape. Strain hardening is more noticeable in the curves and

follows on from the fact that the projectile velocity has been increased.

Figures 79-81, contain the average values of Young’'s modulus, yield stress, energy

absorption evolution, ultimate strength and strain rate.

From figure 79(a), it can be seen that the addition of TSP-POSS to the polycarbonate matrix
can increase the Young’s modulus of the polymer. The sample containing 0.05wt% TSP-POSS
has a lower average Young’s modulus than polycarbonate (29.7 + 3.31 GPa) in comparison
to (31.5 + 1.4 GPa) but with error taken into account the nanocomposite performs similarly

to the control sample.
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Figure 78 Stress-strain curves from SHPB testing of polycarbonate and its TSP-POSS based

nanocomposites using apertures of 7.99 mm and 12 mm diameter

The Young’s modulus reaches a maximum of (42.1 + 1.17 GPa), a 42% increase in stiffness
over the original polymer. This is higher in value than the maximum Young’s modulus value
achieved when a smaller aperture combination was used. This is because the higher impact
velocity will induce stiffer, more elastic-like behaviour in the viscoelastic polymer due to its
time-dependent strain properties. Upon further TSP-POSS loading, the Young’s modulus is
still higher in the nanocomposites than that of the control sample but displays a declining
trend from the value for PC/0.1wt% TSP-POSS. Perhaps at this higher impact velocity the
enhancements of TSP-POSS seen in section 5.4.1 and the proposed mechanisms responsible

are not strong enough to resist the increased impact energy.
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Figure 79 (a) Young's modulus and (b) yield stress of polycarbonate and its TSP-POSS based

nanocomposite using apertures of 7.99 mm and 12 mm diameter
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Figure 79(b) shows that at the higher impact velocity, the yield stress was not influenced as
much by the addition of TSP-POSS, with the maximum enhancement of 9% achieved with
the addition of 0.3wt%. The average yield stress of PC/0.05wt% TSP-POSS and PC/0.5wt%
were similar or slightly lower in value than the control sample (0.5%-5% decrease). This
could be because the influence of TSP-POSS on the chain mobility and energy absorption

capability is not strong enough to overcome the higher impact velocity.

The energy evolution curves can be found in figure 80(a). The energy absorption capabilities
of the nanocomposites are poorer compared to figure 75 in section 5.4.1 when a lower
projectile velocity was used. The nanocomposites perform either similar or worse than the
control sample. The nanocomposite containing 0.05wt% TSP-POSS on average did fail at a

higher strain that the polycarbonate control.

Figure 80(b) shows the ultimate stress reached in the polycarbonate and nanocomposite
samples. Overall, TSP-POSS did not have much of an effect on the strength of the material.
The average ultimate stress of polycarbonate was (219 + 2 MPa). The maximum ultimate
stress reached in the test was (227 + 0.35 MPa) with the addition of 0.3wt% TSP-POSS; only
a 4% increase over that of the control sample. Minimum values in ultimate stress were
found for the nanocomposite systems containing 0.05wt% and 0.5wt% TSP-POSS and the
same trend is found in fig. 79(b) for the yield strength, where these nanocomposites display
decreased strength. Regarding PC/0.05wt%, the addition of 0.05wt% may not be enough to
increase the performance of polycarbonate at the higher projectile impact speed. Young’s
modulus was also unaffected using this loading. As for PC/0.5wt% it is not clear why the
strength of this sample was lower than the other nanocomposites and did not perform
similarly to nanocomposite containing the highest TSP-POSS loading (1wt%). Perhaps a

decrease in quality occurred in these samples from processing.

Strain rate did not vary much with TSP-POSS concentration (figure 81), although the average
strain rate in 0.05wt% was (5454 + 580 s™), larger in value than polycarbonate (4138 + 122 s~
1). This explains why the properties of the nanocomposites were not that much different to
the polycarbonate control; TSP-POSS was not able to affect the strain-rate behaviour of

polycarbonate when the impact velocity increased.
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Overall, at a higher impact velocity the nanocomposites exhibit more elastic-like behaviour
as shown by increases in Young’s modulus in comparison to the polycarbonate control value,
perhaps due to strain hardening induced by the POSS molecules/aggregate which restrict
polymer chain motion. The enhancement in energy absorption capabilities seen at lower
impact velocity disappears when the velocity is increased. It would seem that the positive
effect TSP-POSS has on the polycarbonate matrix at the lower velocity is not strong enough

to withstand the higher impact velocity and the nanofiller effect disappears.
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Figure 80 (a) Energy absorption evolution and (b) ultimate stress of polycarbonate and its TSP-

POSS based nanocomposites using apertures of 7.99 mm and 12 mm diameter
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Figure 81 Average strain rate in the SHPB testing of polycarbonate and its TSP-POSS based

nanocomposites using apertures of 7.99 mm and 12 mm diameter
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Chapter 6 Physical Aging

Chapter 6 Preliminary investigation into the physical aging of
polycarbonate and its TSP-POSS based nanocomposites

The effect of TSP-POSS on the physical aging of polycarbonate was investigated by MDSC.
Samples were isothermally held at temperatures specific to the sample glass transition
temperature, Ty, for certain lengths of time in order to assess the effect of annealing time, t,,
and annealing temperature, T,, on physical aging. Table 11 contains the annealing
parameters. After annealing, heat scans from 120 °C to 180 °C were performed on the aged
samples to measure the enthalpy differential, AH, over the glass transition. Change in
enthalpy was plotted against annealing time and annealing temperatures for polycarbonate

and the nanocomposites containing 0.1wt%, 0.5wt% and 1wt% TSP-POSS.

6.1. Effect of Annealing Time

The effect of annealing time on the enthalpy differential, AH (t,, T,) of the polycarbonate
control sample and the POSS-based nanocomposites can be found in fig. 82 for each
annealing temperature used. The enthalpy differential is a measure of the excess enthalpy
lost and is an indicator of the extent of physical aging of the sample. Therefore, by plotting
AH (t,, T,) against annealing time, the effect of t, on the amount of physical aging that

occurs in the samples can be assessed.

Overall, figure 82 shows that AH (t, T,) increases in value as annealing time is increased.
This is to be expected as the longer the samples are annealed, the more the enthalpy of the
system decreases. Therefore, upon heating through the glass transition, a greater amount of

enthalpy is recovered at longer annealing times.

At T,i;, AH (t, T,) of the nanocomposites was lower in value than that of the unmodified
polymer. The addition of TSP-POSS at all loadings did not increase the aging of
polycarbonate but instead slightly decreased it and had a positive effect. AH (t,, T,)
decreased with increasing TSP-POSS loadings with PC/1wt% TSP-POSS aging the least out of
all samples at all annealing times. From figure 82(a), it appears that the nanocomposites age
less than the polycarbonate control sample and that the rate of enthalpy recovery decreases

with the addition of TSP-POSS.
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TSP-POSS Te Ta1 Taz Tas
(°C) (°C) (°C) (°C)
PC 144.18 134 132 130
AT 10.18 12.18 14.18
0.1 144.57 134.59 132.39 129.39
0.5 143.83 133.65 131.65 128.65
1 143.63 133.45 131.45 128.45
t.n Annealing time
(hours)
ta; 1
ta, 3
tas 6
ta, 10
tas 20
tag 35
ta, 50
tag 120

Table 11 Annealing parameters used in the aging of polycarbonate and its TSP-POSS based
nanocomposites

The results in figure 82(a) imply that POSS has a restricting effect on the polymer chains by (i)
the formation of bulky POSS aggregates which either restrict or slow down chain movement
by impeding their movement and/or (i) the formation of a hydrogen bonded network which

holds together the chains and hinders their movement.

At T., AH (t, T,) of PC/0.1wt% and PC/1wt% TSP-POSS is larger than that of the
polycarbonate control at all annealing times (figure 82(b)). This suggests that with an

increase in AT, these nanocomposites age more.
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Figure 82 The effect of annealing time on the enthalpy change of polycarbonate and its TSP-POSS
based nanocomposites at a) T,;, b) T, and c) T3

This could be due to an increase in free volume relaxation as a result of TSP-POSS increasing
the free volume of the polymer by situating itself between the polycarbonate chains.
Conversely, the nanocomposite containing 0.5wt% TSP-POSS ages less than the control

polymer at all annealing times.

Increasing AT further to T,3, causes an increase in the range of AH (t,, T,) values. At the
lowest t, used, initially, the AH (t,, T,) values of the nanocomposites is higher than that of
the control sample and again could be due to the increased free volume present in these
samples which results in a larger free volume relaxation contribution. There is a turning
point in the data presented in fig. 82(c) where the nanocomposites age less than the
polycarbonate control. The results in fig. 82(c) suggest that there could be two mechanisms
involved in the physical aging process of the nanocomposites; the increase in free volume
relaxation and the impedance of chain relaxation by TSP-POSS and which one dominates the

physical aging process depends on factors such as annealing temperature/AT.
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Considering the results presented in figure 82(a), one would expect an increase in aging of
the samples as the samples are aged at a temperature nearer to the glass transition and
should therefore have more kinetic energy. Perhaps the potential reinforcing effect of TSP-
POSS is enhanced at this temperature due to the increased chain motion. More data is

required to better understand the results presented in figure 82.

6.2. Effect of Annealing Temperature
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Figure 83 The effect of annealing temperature on the characterisation time of polycarbonate and
the TSP-POSS based nanocomposites

The relaxation time, t. is the time constant which characterises the relaxation process that
occurs in the glassy state of an amorphous polymer to a state of equilibrium. It is both time

and temperature dependant.

Figure 83 shows the effect of annealing temperature on the characteristic relaxation times
of the polycarbonate control sample and the three nanocomposites. Generally, as AT
increases t. of the polymer also increases. The nanocomposites generally follow the same
trend. This is because more time is required for the sample to reach equilibrium as it is

further away.
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The effect of TSP-POSS changes with annealing temperature. At T,;, t. of the
nanocomposites containing between 0.1 and 0.5wt% TSP-POSS is higher than that of the
control whereas t. of PC/1wt% TSP-POSS is slightly lower. Overall, at T,;, it would appear
that the nanocomposites age at a similar or slower rate than the polycarbonate control

sample.

As AT is increased to T,,, the relaxation time of all nanocomposites, except PC/0.1wt%, is

similar or higher in value than that of the unmodified polymer.

However, at T3, t. of all the nanocomposites is less than that of the polycarbonate control

sample i.e. the nanocomposites age faster than the control sample.

The results for T,3 suggest that TSP-POSS increases the relaxation rate and causes the
polycarbonate to age at a faster rate. However, smaller t. values of the nanocomposites are
more likely to be linked to the results in figure 82; generally, less enthalpy was recovered in
the nanocomposites than in the polycarbonate i.e. the nanocomposites generally aged less.
Therefore, less time is needed for the samples to relax as TSP-POSS has reduced the amount

of recoverable enthalpy.

It has been reported that when phase separation occurs in rubber toughened epoxy blends
the enthalpy in the epoxy blend will recover similarly to the pure epoxy whereas when little
phase separation occurs the enthalpy recovers in a different manner relative to the pure
resin [229]. Fine nanofiller dispersion at the nano- or molecular-scale would increase the
degree of interaction between TSP-POSS and polycarbonate. Hydrogen bonding between
filler molecules and polymer chains is also a possibility and would reinforce the system. The
SEM micrographs suggest that in our nanocomposite system, POSS is dispersed at this level
throughout the matrix. Moreover, the potential POSS aggregates evidenced by SEM would
be more rigid and therefore hinder chain segmental motion, essentially slowing down the

chain dynamics of the nanocomposite system.

In conclusion, TSP-POSS does appear to have an effect on the physical aging behaviour of
polycarbonate. From the results the amount of enthalpy recovered, AH (t,, T,), is generally
reduced with the addition of POSS (figure 82), however from fig. 83 at larger temperature

differentials, AT, TSP-POSS has the potential to decrease the characteristic relaxation time of
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polycarbonate and accelerate the physical aging process. Increases in free volume induced
by POSS would enhance chain mobility giving rise to accelerated physical aging, yet it would
follow that more enthalpy would be recovered in the nanocomposites in comparison to the
control sample. In this work, this is not the case. This is thought to be because the POSS has
reduced physical aging, thus reducing the amount of enthalpy recovered in the
nanocomposites in comparison to the unmodified polymer; less recoverable enthalpy
means less time is required to recover it, resulting in lowered relaxation times. As this is
only a preliminary investigation, more data is required to further understand the effect that

TSP-POSS has on the physical aging of polycarbonate.
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Chapter 7 Conclusions and Further Work

7.1. Conclusions

In this research, polycarbonate-based nanocomposites were studied for the potential use in
transparent armour applications. The project involved 1) the synthesis and preparation of
the nanocomposites, 2) the characterisation of the structural, morphological, viscoelastic
and optical properties of the various properties of the nanocomposites and 3), the
mechanical testing of the nanocomposites at various strain rates and types of strain. A
preliminary study into the physical aging behaviour of the polymer nanocomposites was also

carried out.

The nanocomposites were synthesised via a multi-step process involving pre-dispersion,
melt mixing and compression moulding. The structure and morphology of the resultant
polymer nanocomposites was studied using spectroscopy and microscopy techniques. All
suggested good dispersion of TSP-POSS either at the molecular scale or as nanosized
aggregates depending on TSP-POSS loading and as a result of high compatibility between
TSP-POSS and polycarbonate. SEM showed that the effect of TSP-POSS on the polycarbonate
matrix depended on the nanofiller concentration in the nanocomposite; at lower loadings
(between 0.1wt% and 0.3wt%), TSP-POSS increased the ductility of the matrix and induced
the formation of stretched fibrils in the matrix. At higher loadings (<0.5wt%), TSP-POSS
aggregates were visible and were observed to reside in cavities in the polymer matrix: an
indication of plastic void growth and something previously seen in rubber toughened
polymeric systems. Small cracks were present on the surface of the TSP-POSS aggregates

and are thought to increase energy absorption capabilities by impeding crack growth.

The optical transparency of the nanocomposites was assessed using ultraviolet visible
spectroscopy (UV-Vis). The results confirmed that the high optical transparency of
polycarbonate was maintained with the addition of TSP-POSS at all loadings over the entire
wavelength range tested. This result again implies good nanofiller dispersion and is a
positive result for the application of the TSP-POSS based polycarbonate nanocomposites in

transparent armour applications.

Dynamic mechanical analysis (DMA) was used to study the effect of TSP-POSS on the

viscoelastic properties and chain dynamics of polycarbonate. This result suggests that TSP-
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POSS has a slight plasticising effect on the polycarbonate matrix. With good filler-polymer
compatibility TSP-POSS is miscible in the polycarbonate matrix as 1 nm-3 nm sized
molecules and thus they have the potential to situate themselves between polymer chains,
where they can then increase the free volume, thus increasing the chain mobility. The effect
of TSP-POSS on the dynamical response of polycarbonate to frequency again is not that
substantial. At some loadings it has the potential to increase the storage modulus, implying
a reinforcing effect. At higher loadings, the damping factor of polycarbonate increases

suggesting increased viscous behaviour and energy absorbing capabilities.

Tensile tests showed that TSP-POSS enhanced the toughness of polycarbonate via
simultaneous improvements in tensile strength and elongation at break at loadings below
1wt%. Young’s modulus was relatively unaffected. This suggests that TSP-POSS does not
behave as a typical plasticiser. Kopesky et al. also stated that TSP-POSS did not act as a
typical plasticiser in their TSP-POSS/PMMA nanocomposite system due to the active Si-OH
sites on the nanofiller which allowed TSP-POSS to retain the modulus and yield stress of the
PMMA and they stated that this was likely due to hydrogen bonding and molecular
dispersion. It could be that in our research TSP-POSS is also able to interact with the
polymer chains when it is miscible in the matrix at loadings below 0.5wt%. SEM micrographs
(figures 45-47) show that TSP-POSS could induce the formation of stretched fibrils which
increase the ductility of the polycarbonate matrix. This could be via hydrogen bonding which
may result in the formation of a stretchy network of polymer chains and TSP-POSS
molecules that increases the energy absorption capability of the polycarbonate. Hydrogen
bonding could occur at the active Si-OH sites of TSP-POSS and the carbonyl groups of the
polycarbonate. At higher loadings of 0.5wt%, TSP-POSS aggregates begin to appear in the
matrix and these could help to increase the tensile strength and Young’s modulus by
impeding chain motion. Higher loadings of TSP-POSS cause reductions in tensile properties.
The increased amount of TSP-POSS aggregates as seen in the results of the SEM analysis
(figure 50) may contribute to increased stress concentration in the polycarbonate matrix

which results in premature failure.

Impact tests were carried out on polycarbonate and its TSP-POSS based nanocomposites
using an instrumented falling weight tower. Overall, TSP-POSS generally had a positive

effect on the impact resistance by increasing the energy absorption in the initiation event;
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total energy during the event is estimated as a ratio of 4:1 between initiation and
propagation energy, respectively. Maximum peak force was generally higher in the
nanocomposites than that of the control sample however propagation energy generally
decreased with the addition of TSP-POSS. In conclusion, TSP-POSS generally enhanced the

impact resistance of polycarbonate by increasing the energy required to form a crack.

Creep tests were performed on polycarbonate and its TSP-POSS based nanocomposites
using DMA. At lower loadings (below 0.5wt%) TSP-POSS reduces the amount that the matrix
deforms under a constant load. This could be due to the fact that TSP-POSS appears to be
miscible in the polymer matrix and can therefore interact more and potentially form
hydrogen bonds with the polymer which reducing the amount the polymer creeps.
Conversely, at higher loadings (above 0.3wt%) the polycarbonate matrix deforms more. This
could be due to the potential POSS aggregates observed using SEM. It was proposed that
these were involved in plastic void growth. It follows then that the nanocomposites may

creep more due to this toughening mechanism.

The results from SHPB tests suggest that at higher strain rates, TSP-POSS can have a
reinforcing effect on the performance of the polycarbonate even in aggregate form
(assuming the artefacts observed during SEM are POSS aggregates). The Young’s modulus
and yield stress both reached a maximum when the highest TSP-POSS loading was used
(1wt%). Moreover, the energy absorption capability was also highest at this concentration
suggesting simultaneous enhancement in both strength and toughness. However, at a
higher projectile impact velocity, the stiffness of the nanocomposites increases and the
energy absorption capability decreases. This is not surprising; as strain rate increases,
polymers exhibit more elastic-like behaviour as the material has less time to relax and
respond in order to dissipate the energy. It seems that any toughening effect that TSP-POSS
had on the polycarbonate chains has been overcome at the higher projectile velocity and
could be due to an increase in temperature in the sample from more rapid and larger

energy transfer.

A brief study into the effect of TSP-POSS on the physical aging behaviour of polycarbonate
was carried out using MDSC. The enthalpy recovered, AH (t,, T,), during the heat scans of

the nanocomposites is lower when compared with the unmodified polymer. At larger
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temperature differentials, AT, the characteristic relaxation time, t., of the nanocomposites is
less than t. of polycarbonate which suggests that TSP-POSS accelerates the physical aging
process in the polymer. However, it would be expected that more enthalpy would be
recovered in the nanocomposites in comparison to the control sample yet this is not the
case. This is thought to be because TSP-POSS has impeded physical aging; less recoverable

enthalpy means less time is required to recover it, resulting in lowered relaxation times.

The effect of TSP-POSS depends on its concentration in the polycarbonate matrix and the
type and rate of strain the sample is subjected to i.e. compressive or tensile. At loadings
below 0.5wt%, TSP appears to be miscible in the matrix. At loadings above 0.3wt% TSP-POSS
appears to form nanosized aggregates. During experiments involving compressive strains
(creep tests and SHPB testing), TSP-POSS may: (i) toughen polycarbonate by increasing its
energy absorption capabilities through plastic void growth around TSP-POSS aggregates
and/or the formation of a hydrogen bonded polymer-POSS network and (ii) strengthen
polycarbonate through restriction of polymer chains by rigid TSP-POSS aggregates which
could also impede crack formation, in a synergetic effect. However, the positive effect of
TSP-PQOSS is not strong enough when a higher projectile velocity is used during the SHPB
testing. Tests involving tensile strains (tensile tests and falling weight impact tests) see TSP-
POSS toughen the polymer matrix again, however loadings <0.3wt% enhance the properties
by a smaller amount and in some cases have a detrimental effect on the properties. This
could be due to the TSP-POSS aggregates acting as stress concentrators which cause
premature failure in the specimen or in the case of PC/0.3wt% this amount of TSP-POSS has
resulted in a plasticising effect. Crucially, the optical transparency of polycarbonate was
maintained in the nanocomposites at all concentration of TSP-POSS and is due to the good
compatibility between polymer and nanofiller which results in molecular and nanoscale

dispersion of the nanofiller in the polymer matrix.

The use of the nanofiller TSP-POSS has potential in transparent, lightweight protective
applications due to its toughening effect on polycarbonate whilst maintaining the superior
optical transparency of the polymer. The nanocomposites would be more suitable for
transparent armour applications involving low velocity projectiles or as lightweight, energy

damping backing materials.

182



Chapter 7 Conclusions and Further Work

7.2. Further Work

Further study into the physical aging behaviour of the nanocomposites, particularly

for longer aging times;

Carry out structure and morphology analysis on samples post-testing (fractographic
analysis) to determine more information on the failure mechanisms involved in the

various mechanical tests;
Carry out free volume measurements of the samples to assess the effect of TSP-POSS;

Scale up of the samples and subsequent measurement of their properties to

determine any change in performance due to larger size;
Quantitative measurements of toughness e.g. Kic tests;

Investigate the possibility of a hydrogen bonded network between TSP-POSS and the

polycarbonate chains;

Further testing at higher strain rates and even ballistic tests to test limits of the
nanocomposites. This could also involve the use of thermal imaging cameras which
are sensitive enough to measure the heat variation in the samples during testing in
order to further understand the decreased performance of the nanocomposites at

higher strain rates.
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Appendix
An investigation into the differences between polycarbonate grades
Three polycarbonate grades under different names but reported to be of the same grade

were used in this project. The grades will be referred to as PC1, PC2 and PC3 from this point

forward.

It was found that the PC2 control had better tensile properties than the original
polycarbonate grade, PC1. However, the DMA results of PC2 differed from the PC1 based
samples and so PC1 was again used to synthesise nanocomposites samples. Once the PC1
was finished, PC3 was used instead as PC1 was no longer available to purchase. PC3/TSP-
POSS nanocomposites were used in the remainder of the research including UV-Vis, physical
aging and SHPB testing, as well as re-testing morphological, tensile and viscoelastic
properties. It was again found that the viscoelastic and tensile properties of PC3/TSP-POSS
nanocomposites differed to the PC1 and PC2 nanocomposites. The results presented in this
thesis are from nanocomposites created using PC3, as a complete set of results from all

characterisation and experimental techniques have been gathered for this grade.

An investigation was carried out to determine the reason for the differences between the
three polycarbonate grades. This involved using techniques such as gel permeation
chromatography (GPC) to measure the molecular weight of the polycarbonate grades,
thermogravimetric analysis (TGA) to identify the presence of any additional constituents in
the polymers such as plasticisers etc. and the measurement of the melt flow index (MFI) to

compare the flow properties of the polycarbonate grades.

Overall, PC3 has the best balance of viscoelastic properties and performs consistently over
the three DMA experiments. The T, of PC3 is most affected by the addition of POSS where it
decreases. This could be because it has the highest T, out of all PC grades tested as
measured from the tané peak. The storage modulus is retained over the glass transition and
when subjected to increasing frequencies. The viscoelastic properties of PC1 are relatively
unaffected although the storage modulus decreases with the addition of TSP-POSS over the
glass transition. The addition of TSP-POSS actually decreases the storage modulus of PC1
and decreases its energy dissipation capabilities. The addition of TSP-POSS to PC2 did not

produce any noteworthy effects.
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The investigation did not determine, however, what could have caused the differences
between nanocomposites synthesised from different polycarbonate grades as in the end,
after all processing had taken place, there was little difference between the molecular
weight, thermal degradation behaviour and melt flow index values of the compression

moulded samples (see figures 84-85 and table 12).

It was found that the time between DMA calibration and testing varied between
polycarbonate grades. This could explain the differences between the polycarbonate grades
and could mean that the DMA results of PC1- and PC2-based nanocomposites are less

accurate than those made from PC3.

The investigation did reveal, however, that there is some polymer degradation occurring
during the processing of all polycarbonate grades. This is shown by the difference in
derivative weight (see figure 85) between the resin samples and the compression moulded
samples; the derivative weight decreases during processing suggesting that something that
was present in the polycarbonate resins, such as a plasticiser, has degraded or been
removed or simply that the polymer has degraded. However, the molecular weight of the all
the polymer grades is the same pre- and post-testing, as shown by figure 84, which contains
the results from the GPC experiments. The peak between roughly logM = 4 and 5 represents
the polymer molecular weight and it can be seen that this is identical for all polycarbonate
grades and does not change during processing. The peaks at the lower logM values
represent smaller molecules e.g. plasticisers, and it is clear that these change in shape and
intensity during processing. The samples had a slight yellow tint which was more noticeable
as the sample thickness increased. This could be due moisture present in the samples which
undergo hydrolysis at the high processing temperatures. Hydrolysis can have a detrimental
effect on the final properties of the nanocomposite samples and may go towards explaining
some of the anomalous results found in the research. It could also be due to some
degradation of additional molecules such as plasticisers. Zhao and Schiraldi also synthesised
TSP-POSS/polycarbonate nanocomposites and found that the samples had a slight yellow
tint after compression moulding. Moreover, they stated that different polycarbonate grades
can contain proprietary additives which could subtly alter the interactions between the

polymer and POSS. Perhaps this is what occurred in our research.
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Figure 84 Graphs of dw/dlogM against logM for a) PC1, b) PC2 and c) PC3 in resin, extruded and
moulded form obtained from GPC data
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Figure 85 Derivative weight curves of the three polycarbonate grades in a) resin and b) extruded, c)
moulded form obtained from TGA analysis

PC Grade Melt Flow Rate
(g/10min)
PC3 36.110
PC1 30.379
PC2 34.912

Table 12 MFI values of the three polycarbonate grades

208



	Acknowledgements
	Abstract
	Contents
	List of Figures
	Chapter 1 Introduction
	1.1. Polymers in Defence
	1.2. Nanotechnology in Defence
	1.3. Nanofillers
	1.4. Aims of the Project

	Chapter 2 Literature review
	2.1. Introduction
	2.2. Polymer Nanocomposite Preparation Methods
	2.2.1. Melt Mixing
	2.2.2. In-situ Polymerisation
	2.2.3. Solution mixing
	2.2.4. Template Synthesis

	2.3. Properties of Polymer Nanocomposites
	2.3.1. Mechanical Properties
	2.3.1.1. Graphene-based Polymer Nanocomposites
	2.3.1.2. Carbon Nanotube-based Polymer Nanocomposites
	2.3.1.3. Nanoclay-based Polymer Nanocomposites

	2.3.2. High Strain Rate Properties
	2.3.3. Optical Properties
	2.3.4. Physical Aging

	2.4. POSS-based Polymer Nanocomposites
	2.4.1. Polyhedral Oligomeric Silsesquioxane
	2.4.2. POSS-based Polymer Nanocomposite Preparation Methods
	2.4.3. Properties of POSS-based Polymer Nanocomposites
	2.4.3.1. Effect of POSS type
	2.4.3.2. Viscoelastic Properties
	2.4.3.3. Mechanical Properties
	2.4.3.4. High Strain Rate Properties
	2.4.3.5. Optical Properties
	2.4.3.6. Physical Aging


	2.5. Summary and Further Research

	Chapter 3 Experimental methods
	3.1. Materials
	3.2. Preparation procedures
	3.2.1. Synthesis of polymer nanocomposites
	3.2.2. Sample preparation for characterisation and testing

	3.3. Characterisation Techniques
	3.3.1. X-Ray Diffraction
	3.3.2. Electron Microscopy
	3.3.2.1. Field Emission Scanning Electron Microscopy
	3.3.2.2 Transmission Electron Microscopy

	3.3.3. Gel Permeation Chromatography
	3.3.4. Thermogravimetric Analysis
	3.3.5. Dynamic Mechanical Analysis
	3.3.6. Modulated Differential Scanning Calorimetry
	3.3.7. Ultraviolet-Visible Spectrophotometry

	3.4. Mechanical Test Techniques
	3.4.1. Tensile test
	3.4.2. Instrumented Falling Weight Impact Tester
	3.4.3. Drop-ball impact test
	3.4.4. Split-Hopkinson Pressure Bars


	Chapter 4 Nanocomposite Characterisation
	4.1. Structural and morphological properties
	4.1.1. X-Ray Diffraction
	4.1.2. Scanning Electron Microscopy
	4.1.3. Transmission Electron Microscopy

	4.2. Optical Properties
	4.2.1. Ultraviolet-Visible Spectroscopy

	4.3. Thermal Properties
	4.3.1. Differential Scanning Calorimetry

	4.4. Viscoelastic Properties
	4.4.1. Dynamic Mechanical Analysis
	4.4.1.1. Effect of Temperature
	4.4.1.2. Effect of Frequency
	4.4.1.3. Creep Behaviour



	Chapter 5 Mechanical Properties of Polycarbonate and its TSP-POSS based nanocomposites
	5.1. Tensile Test
	5.2. Drop test
	5.3. Instrumented Falling Weight Impact Test (IFWIT)
	5.3.1. Effect of dart velocity
	5.3.1.1. Dart Velocity: 3.12 ms-1
	5.3.1.2. Dart Velocity: 3.96 ms-1
	5.3.1.3. Dart Velocity: 4.85 ms-1
	5.3.1.1. Dart Velocity: 5.42 ms-1


	5.4. Split-Hopkinson Pressure Bars (SHPB)
	5.4.1. Aperture: 12 mm
	5.4.2. Aperture: 7.9 mm + 12 mm


	Chapter 6 Preliminary investigation into the physical aging of polycarbonate and its TSP-POSS based nanocomposites
	6.1. Effect of Annealing Time
	6.2. Effect of Annealing Temperature

	Chapter 7 Conclusions and Further Work
	7.1. Conclusions
	7.2. Further Work

	Chapter 8 References
	8.1. References

	Appendix
	An investigation into the differences between polycarbonate grades


