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Abstract

This research has investigated nanocomposite based mastesbascroutes to
improve the CQ retention properties of PET bottles. Masterbatches o reffit
types of polyamide/clay, PET/clay, PET/nano-silica flakesl ®ET/divalent
layered metal phosphonates (DLMP) were produced by melt compousnltihg
evaluated.

In the case of polyamide based nanocomposites PA6 was found to prio€luce t
best dispersed nanocomposites followed by PA-MXD6, PA-61/6T #36-B-T.

It was concluded from the results that surfactant/polymerpedtibility and
thermal stability play some role, but the most signifidantor in effecting good
dispersion was the polarity of the polymer and its abilitditectly interact with
the clay surface.

The CQ retention of PET/PA blends showed MXD6 to offer by fardheatest
improvement (100% increase) but the use of PA-MXD6 nanocompoditeotli
result in further improvement. It was concluded that transfexxfoliated clay
platelets from the PA phase to the PET phase had not occlmredder to
address this issue and disperse the filler effectively thrdamth polymer
matrices several novel new processes were developed andehd a catalyst
was investigated. Overall, the novel PET/MXD6/clay blend$ teluced C®
retention compared to the direct PET/MXD6 blend due to sigmfidegradation
of the polymers in the extrusion stage prior to bottle manufacture.
Nanocomposites produced by direct melt mixing of PET and organociee
always intercalated in nature (with the exception of C30B haradecyl
pyridinium surfactant where the layered structure collapsedoddegradation of
the surfactant). A consistent interlayer spacing of ~3.15-3.25asmolserved for
all these materials and it was concluded that a stabledPfstal structure had
formed as the distance between layers corresponds to @peats of the c
dimension of the crystal unit cell. It is proposed that thielestaquilibrium forms
due to insufficient direct interaction between the polymer ancldne surface.
Despite relatively poor dispersion modest improvements in Gadrier were
achieved (up to 25%).

The use of novel nano-silica flakes resulted in improved, @&ention,
particularly with the 100nm thickness grade (30% improvementpitges



considerable breakage of the nano-silica flakes duringceusipounding. In the
case of DLMP the dispersion of the fillers was found to be @ow no
improvement in C@barrier was obtained.

It was also observed that all the fillers applied a@sdhucleating agents for

polymer crystallisation in the polymer systems to whiwytwere applied.
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1 Introduction

1.1 Background of the research

Poly (ethylene terephthalate) (PET) is a widely used tbplastic material
which finds usage in a variety of applications. Sincediscovery by J.R.
Whinfield and J.T. Dickson of Calico Printers Associatiopiflnas become a
very important polymer for the production of fibres (TeryleDacron) and to a
lesser extent films (Melinex, Mylar). Later, with theveélopment of solid state
polymerisation processes (SSP) the molecular weight coutdebated to such
an extent that the production of injection moulded articles atrdded products
became possible. Soon after this development DuPont turned tiesiticat to
the development of injection stretch blow moulded (ISBM) contained were
finally able to issue a patent on biaxially stretched BEffles in 1973 [2]. This
new process utilised the basic properties of PET which alloavadrphous
preforms to be injection moulded due to the high (B0°C) and slow
crystallisation rate. The amorphous preforms can then bedhabtee § (but
below T, usually at about 100°C) and blown under high pressure to thredlesi
shape. This development led to the widespread usage of #BETpackaging
material for liquids i.e. PET bottles, and in particulaboaated beverages. The
usage of PET has increased rapidly over the past deaattesgoint where 12.5
million tonnes of PET was used in packaging applications in 200@e(lznd
film applications) [3]. Of this 12.5 million tonnes 9.5millioonines were used in
bottles (only 200,000 tonnes was used for beer bottles).

The success of PET as a packaging material for beveragdsin particular
carbonated beverages has in large part been due to itenhh@operties
including good resistance to gas permeation (particularlgr@d CQ), slow rate
of crystallisation, strength and toughness, transparency arabiiiy to be
readily formed into complex shapes at temperatures abpvet below T,.
Despite the success of PET as a packaging material fordpegeits gas barrier
properties do limit its usage for the most sensitive apjmica such as beer,
wines, teas and some juices. These beverages are fetteyaé which have a
particular sensitivity to oxidation or GQoss which results in an impairment of

the taste. One of the most obvious solutions to this problemirctease the

23



wall thickness but this is un-economic and wasteful from armr@mviental view
point.

To address these problems many techniques have been devisedhmyitiy
levels of success. For example the use of oxygen scavehgsrdecome
widespread in some oxygen sensitive beverage applications, aydhake
proved particularly effective despite their propensity for reduclarity and
usually a degree of yellowing over time as the scavengimgponent oxidises.
Several companies currently have patented oxygen scavengimplegies such
as Oxbal" and Amosorb”.

Alternatively some companies such as Sidel, PPG and Dupontdeaeéoped
bottle coating systems for the reduction of botha®@d CQ permeation. These
systems can be applied externally or internally and givpamaHleled reduction
in the gas permeability of PET. Despite this their usageains relatively low
due to the added level of processing complexity involved andahger of the
coating cracking under impact resulting in catastrophic fabfithe gas barrier
properties and contamination of the beverage in the castenfahcoatings.

A further method devised to address this problem is the usautif-layer
structures whereby a thin layer of a higher barrier polymer, sschPoly
(ethylene naphthalate) (PEN), poly (vinyl alcohol) (EVOH) oetamylene
diamine PA (MXD6) is inserted between an inner and outer lafyBET. This is
accomplished either by co-extrusion, co-injection or over-mouldihis. method
is effective for the control of both,0and CQ permeation but similarly to
coating technologies suffers from the addition of an added defjie®cessing
complexity. In addition delamination of the barrier layerkisown to be a
problem with multi-layer systems. It is also known for the® called barrier
resins to be used in blends with PET to improve the baprigperties. While
improvements can be achieved they are generally lower thalti-layer
structures and the impact on transparency and colour is greadeidition to the
individual problems outlined all these solutions tend to impact nefatn the
recycling of PET. Mitsubishi, EMS grivory and Nanocor areoaq the
companies developing such technologies.

Thus despite all the progress made so far in the control gfegaseation in PET
a simple cost effective solution which has minimal impan the optical

properties of the PET, causes minimum changes in PET pexpes readily
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compatible with conventional processing equipment and has a minnpati on
the recycle stream still proves elusive. If such a smutan be developed there
are considerable benefits to be reaped by the beverage dmtjipgcindustry.
For instance a simple mono-layer solution meeting the eitbscribed above
would pave the way for widespread use of PET as a packagiegah&ir beers.
This alone offers many potential benefits such as improvietySgess breakage),
increased consumer choice (wider range of pack sizes), tedi@resport costs
through reduced weight per unit. In addition, beverages such as dagné
drinks (CSD) could be packaged in lower weight packs witlivatgnt shelf life
resulting in reduced polymer usage and hence environmentalitbe@aferall

there is a considerable need for PET with improved gas bpraperties.

1.2 Aims and objectives

The overall aim of this project is to develop novel technelegihich will allow
the development of monolayer packages using masterbatch nambogghn
These new masterbatches will enable increased utlisafti PET for the most
sensitive beverages by providing a two-fold improvementQOa lGarrier.

In order to achieve this aim several objectives were addde The first objective
was to fully understand the current difficulties in PET/atenotechnology. In
short we investigated the role of surfactant compatibility thedmal stability on
the dispersion of clays in PET and attempted to develagegtes to overcome
these issues. If these problems could be overcome and exfoldEdd
nanocomposites could be produced the aim of this project woulkthtadisingly
close to realisation.

A second objective of the project was to use the compalsativedl understood
technology of polyamide nanocomposites where exfoliation had bkehieved
previously and to use these materials as a masterbatcthdodelivery of
exfoliated clay platelets into PET. This would require threesting of a variety
of polyamide polymers in order to find the best compatibiitth PET and the
development of new processing techniques to allow the transixfalfation
from the polyamide into the PET matrix.

The final objective was to develop processes for the uidisadf new novel

nano-fillers for application in PET.
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1.3 Scope of the work

In order to achieve the aims and objectives of this pregetral distinct phases
of work were required. Firstly various polyamide/clay nanoconasistems
were investigated as possible exfoliants for clay in Ripplications. This
allowed familiarisation with the techniques and processeguined for
clay/polymer nanocomposite research. Following this initiabeta detailed
investigation of direct intercalation of PET with comniallg available
organoclays was undertaken to understand the effects of diffsuefactants,
how dispersion is effected and the resultant barrier antbdryation properties.
New clay modifications were also investigated in order tprawe the current
situation in clay polymer nanocomposites. The next major phaseodt
involved the analysis of nylon assisted exfoliation. Consequentlyl meaxe
processes for processing hybrid materials were explored. Adlepfiase of work
was to gain an understanding of the effectiveness and prospeetvohovel
nanofillers as barrier materials in PET.

The properties and behaviour of different organoclays from botthmeoanal
sources and those produced in our own laboratory are discusseldtionr to
their thermal stabilities and potential compatibilities witk fiolymers used in
these studies. Following the analysis of the clay masesal investigation of
polyamide based clay/polymer nanocomposites was undertaken. f\spetay
dispersion were investigated with particular attention te teffect of
clay/polymer compatibility and thermal stability of the amgclays. The
potential for the polyamides studied to act as carriersxiiliated clay in PET
was studied and the best materials for this approach and pom&essing
techniques were developed. In addition to the study of polyartagie/c
nanocomposites as masterbatches for PET the direct intencatd PET into
organoclay was also investigated using both commercial orggsoafal those
developed in our laboratory. Finally the properties of novelrdilland PET

nanocomposites produced from these fillers were investigated.
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1.4 Literature Review

The literature review for this study initially covers peemt background
information on the materials studied. Attention is paid topthlgmers including
a brief history of their synthesis, properties and uses. Aasiapproach is taken
to the fillers investigated whereby a history of the usageheffiller and its
properties are discussed. The third portion of the literagwiew concentrates
on clay/polymer nanocomposites. A review of the methods wsdld synthesis
of clay/polymer nanocomposites with reference to the advantaaysd
disadvantages of each technique is discussed. Following discusisitme
different synthesis techniques some examples of commercialpahayer
nanocomposites are discussed with particular reference tanpiolgs and
polyolefins where commercialisation has proved most succed3&uticular
attention is paid to the properties of these materials andtheyvhave solved
problems due to their enhanced properties. Clay/polymer nanocomposites
produced from PET are discussed next according to their sysithetiiods. The
extent of clay dispersion of these materials is discusseeétail along with gas
permeation properties where presented. The effects on otherjeemre noted
and discussed where relevant. The blending of polymers is séstusith
particular reference to polyester/polyamide systems andethdtant properties
of such blends. The final portion of the literature revieaks at some models

that describe the permeation of gasses in filled polymers.

1.5 Fundamental knowledge on the polymers studied

Polymers can be broadly defined as large macromolecules fofroed a
repeating smaller unit. Polymer materials can be both ngtuwaturring (such
as some proteins), or synthetic (such as polyethylene). Fputpeses of these
studies and for use as packaging materials for beveragestiastic polymers
(polymers that can be heated to form a liquid or melt amdl ¢beled to a solid
state) are generally used. The two main types of therntmplage glassy

amorphous materials (typified by polystyrene) and semi chystahaterials (e.qg.
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high density polyethylene). In general the amorphous glassyiatateend to
have a less regular structure (due to features such as bramchpendant
groups) and also exhibit less intramolecular attractions tleam-&ystalline

polymers.

1.5.1 Polyamides

The early development of polyamide materials was predomindogyto the
seminal work of W.H.Carothers and his colleagues into dbrdensation
polymerisation of polymers [4-5]. This initial work first cesdr on aliphatic
polyesters but due to a lack of commercial success Carathersturned his
attention to polyamides. Their extensive studies led teyhthesis of nylon 6,6
and the issue of the first patents in 1938[6]. In generadlipbatic polyamines
are produced via the condensation of a diol and diamine. The dafastarting
materials is consequently very large and a wide range of rpaga are
commercially important including PA1l (from the polycondensation of
aminoundecanoic acid); PA12 (via hydrolytic ring opening of laurolagtam)
PA4,6 (from polycondensation of butane diamine and adipic acid);9R#f6m
polycondensation of hexamethylene diamine and azelaic aci@),1PAfrom the
polycondensation of hexamethylene diamine and dodecanoic acid); and also
blends containing PA6,6/6,10 and PA6,6/6,10/6. These materialtened
aliphatic polyamides and are characterised by their leigdl of intermolecular
attraction. This results in semi-crystalline polymerthvhigh T, (usually about
Tg "200°C). The polyamides are tough, resistant to solvent and alsm kadse
prone to adsorption of high levels of water (up to 10% for PA46¢se aliphatic
polyamides find extensive usage in fibre forming, moulded arti¢lless and
extruded profiles.

A second class of polyamides are those based on non-aliphatic ermsnfre.
aromatic or cycloaliphatic) and those produced with combinations obmens

(copolymers). Overall these materials can be cladsifi® 3 groups.

Copolymers with high Tg which are amorphous and glassy
Crystalline polymers used as plastics

Crystalline polymers for fibres, including some liquid crygtalymers.
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These materials generally exhibit some superior propertyhaset seen for
aliphatic polyamides and hence find niche application fieltieres aliphatic
polyamides have insufficient properties. Overall the polyarfadaly exhibit a
combination of different properties that make them suitabla faide range of
applications. Such properties include good abrasion behaviour, high he
deflection temperature (particularly filled grades), highsile strength, good
insulation, excellent toughness and good chemical resistantdge Bubsequent
sections, some commercial materials relevant to thiscpkar project will be

discussed.

1.5.1.1 Polyamide-6
Polyamide-6 (PA6) is the exception to the general rule ojamoides being

formed from the condensation reaction of a diol and a diamineis |
manufactured from the ring opening polymerisation of caprolactadh veas
developed as a direct competitor for polyamide 66 by Paul Sclaiadkco-
workers at IG Farben in order to circumvent the patenhatnnaterial [7].
Commercial production methods may vary slightly but in generake pur
caprolactam is heated to around 260°C under nitrogen in the predesomium
hydride initiator for around 4-5hrs. This causes breakage airthestructure at
the peptide bond with the two active groups created forminghuoews as they
become part of the backbone chain of the polymer (illustiat&¢heme 1.5.1.1-
1).

@) H
/
N O |
N
— /PJ\/\/\/ 1.

Scheme 1.5.1.1-1 Ring opening of caprolactam to forPA6

In general PA6 is considered as a tough semi crystalline polyapable of

considerable moisture uptake. The earliest uses wereilaie ddrming material
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but the use of solid state polymerisation (SSP) (as detail2d..2) has enabled
PA6 to be produced in a wide range of relative moleculasni@MM) grades
with differing properties suitable for different applicationsdd@y PAG is still an
important polymer for fibre production but is now commonly used talyme
extruded articles (such as pipe and other profiles), packdiyng, extrusion
blow moulded articles (such as fuel tanks) and a wide rangwolded articles,
particularly when filled with glass fibre (producing polymeith increased
stiffness and reduced softening point — i.e. heat distaitimperature (HDT)). In
general the higher the molecular weight of the PA6 the riloety it is to be
used for extruded products while lower molecular weight grades are

predominantly used for injection mouldings and fibre production.

1.5.1.2 Mitsubishi MXD6

In this project, this material enabled the effect of ardaoitgat on the
nanocomposites formation to be studied and compared to aliptfatic
Poly-m-xylene adipamide (MXD®6), is a semi-crystalline aatim polyamide
used as a plastics material and was first disclosed by Luhiet1956 [8, 9].
Despite the development of laboratory samples, commerciatisgiti not occur
until the early 1970's when Mitsubishi Gas Chemical Companyarbeg
production of para-xylene diamine free meta-xylene diamine.ftirmed by the
condensation of m-xylene diamine with adipic acid as outlimedScheme
1.5.1.2-1. A generalised synthesis would involve low steasspre (~400 — 700
kPa) addition of meta-xylene diamine to molten adipic acid 1689C) until the
ratio of functional groups approaches one. This simple procedure ugleno
produce resins of a reasonable molecular weight although highecuiaole
weight materials can be produced through post polycondensation SSP.
Initially these materials were emphasised as replacemémt aliphatic
polyamides where increased rigidity and good surface finishdasrable
properties in injection moulded articles. Other application®lve the use of
fillers (typically glass fibre at up to 50wt %) which @dls the substitution of
metals due to the high mechanical strength, modulus anddséstance [10]. In
more recent times greater attention has been paid taghbagrier properties of
MXD6. In 1974 Mantsunami et al produced the first patent on highbgarier
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flexible MXD6 films [11], followed by Okudaira et al [12] whaere able to
issue a patent on multi-layer, stretch blow moulded bottl@9&3. Further work
on MXD6 has shown that in the presence of small quantitiesobilt
compounds MXD6 acts as an oxygen-scavenging compound [13] and that
blending of polyamides with PET can also produce packagingrialat with

improved gas barrier properties [14].

O
O

MXDA Adipic acid

O
* *
H H o
Nylon MXD6

Scheme 1.5.1.2-1 Reaction of meta-xylene diamine daradipic acid to form MXD6

polyamide

Due to the wide processing window for MXD6, manufacture ohsualti-layer

and blend materials is relatively simple and results in éalbhelf life with a
5wt% barrier layer. In addition to simple MXD6 multi-laydrestructures
Mitsubishi have collaborated with Nanocor on the development of a
nanocomposite grade of MXD6 called Imperm. This material offeradditional

one hundred percent increase in the gas barrier propertiesliifyer bottles
compared to standard PET [15]. Blending of MXD6 with PET dias achieved
some commercial success in improving the barrier propertiethéuesults are
much more modest. Polyshield™ produced by Invista offers @meation
reduction of 15% in conjunction with oxygen ingress of less fipgrm per year

due to combined passive barrier and scavenging [16].
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Overall the use of MXD6 as a barrier material for PETkpgitg offers many
possibilities but so far some limitations have preventedvitlespread usage.
These limitations include difficulty in recycling, reducedhnisparency and
yellowing. For multilayer packages in particular therethe added issues
surrounding increased manufacturing complexity and possible delaomirat
the layers.

1.5.1.3EMS Grivory G21

EMS Grivory G21 is an amorphous polyamide based on hexamethylene
diamine/isophthalic acid (PA6l) and hexamethylene diamine/tdrajthtacid
(PAB6T) in a 70/30 ratio [17]. The structure of Grivory G21 is smamv Figure
1.5.1.3-1.

Figure 1.5.1.3-1 Chemical structure of PAGI/T

From the available data it appears that polymer is prodiroed simultaneous
polymerisation of all three monomers. The amorphous nature giolgmer is
due to the incorporation of the second aromatic monomer as Bd@h &nd
PAG6T would be expected to crystallise. Regardless of xhetgrocessing and
composition it is evident that the Grivory G21 polymer exhibitsicstiral
similarities to both PET and MXD6 and hence it is hopedithaill show good
compatibility with PET.

Grivory G21 finds greatest usage in film applications wieeteemely high gloss
and transparency are required. It is also known for therimlate be used in
multi-layer film and bottle applications as a barrier laybewe its improved gas
barrier properties compared to aliphatic polyamides resultmipraved gas
barrier properties [18].
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No reports were found in the open literature concerning the faumaind
properties of clay/polymer nanocomposites produced from Griv@dy galymer
hence it will provide valuable information on how slight strudtueaiations and
amorphous nature compared to crystalline materials behavanimcomposites

formation and gas barrier applications.

1.5.1.4 Degussa Trogamid T5000

Trogamid T5000 from Degussa is a high temperature engineerinfprifzed

from the monomers trimethyl hexamethylene diamine and terephtmd and
is described by the acronym PA6-3-T. The synthesis is sho®oheme 1.5.1.4-
1

?Hj (|3H3
n HzN-Cﬂz-Cl-CHz-CH-CH?-CHZ-NHZ +n HOOC—@—COOH

CH, l
CH, CH,
HN-CHZ-(,l-CHQ-CKH-Cﬂz-CHz-NHOC—@-CO<:|~—
& :

3

Scheme 1.5.1.4-1 Reaction of trimethyl hexamethylendiamine and terephthalic acid to
form PAG-3-T

In practice a 1:1 ratio of 2, 2, 4 - /2, 4, 4 - trimdthexamethylene diamine is
used to ensure an amorphous polymer. It is described as ledatient gloss
and transparency and is deemed suitable for a wide ranggeafan moulding,
extrusion and blow moulding applications such as battery sealsywipeels and
racks, pump cases, inspection glasses and guide rails. méealgproperties can
be summarised as crystal clear optical transparency, hegihanical stability,
high thermal stability, good chemical resistance, good etattproperties and

low shrinkage [19].
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So far there are few reports on its use in nanocompositemtion, nor with
regard to its gas barrier properties. In this projecs, thaterial allows the study
of an amorphous polyamide with greater thermal stability thaiGthery G21
that exhibits some structural similarities with PET amdde potentially some

compatibility.

1.5.2 Poly (ethylene terephthalate)

The initial development of PET by Whinfield and Dickson centredhe simple
condensation reaction of monoethylene glycol and terephthalic Sclikihe
1.5.2-1). The material produced in the early days of PETusad specifically
for the production of synthetic fibres, and still is to this da@].[ Further
developments continued in the 1950's with the development of highly
sophisticated drawing and heat setting processes to alloyalbiaientation of
amorphous sheet to produce films for such items as audiotape$oaaid
packaging films. More recently in the 1970'the work of WyethDapont
resulted in the development of three-dimensional hollow bodids amentated
structure. The bottles produced by this fledgling injectiondirbtow-moulding
(ISBM) process exhibited exceptional strength and excellent lgaser

properties and revolutionised the polyester and packaging ingustrie

0 O

OH
HO OH + HO™ >

O O
* O/\/O\]n\*

Scheme 1.5.2-1 Condensation of terephthalic acid e@uethylene glycol to form PET
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For large scale commercial synthesis of PET the indtiaiting materials and
route can vary. One such route is the ester intercharagia® of dimethyl
terephthalate with monoethylene glycol; a second route woulchdealitect
esterification of terephthalic acid with monoethylene glyaotl a third route
would involve the reaction of ethylene oxide with terephthalic &xitbrm bis
hydroxyethyl terephthalate (BHET) monomer. In the final metiBidET
requires extraction and purification prior to polycondensation artteisefore
very rarely used in practice. The first two routes desdribeay undergo
polycondensation without further purification and are hence much coonenon
commercial routes to PET. The polycondensation reaction requigls hi
temperatures (250°C — 290°C), and most often is undertaken vamieim to
ensure efficient removal of water and free ethylene glycalrder to push the
reaction to the product side of equilibrium. Polymerisatioalgsts are used in
order to ensure product of useful molecular weight is produced andftan
antimony, germanium or titanium compounds. The PET in the mekeplsa
prone to degradation reactions (such as the generation of abgtdd[21,22])
and discolouration and hence small quantities of melt statslisuch as
phosphoric acid are often added.

The final molecular weight of the PET is generally found tarbthe region of
15000 — 25000 (Mn) and would generally be deemed suitable for the pooduct
of staple fibre. The materials used today for packaging apiolics (i.e. sheet
extrusion and ISBM) tend to have higher molecular weight, lysunathe region
25000-33000 (Mn). This requirement has led to the development of saéd sta
polymerisation (SSP) processes.

In the SSP process the pelletised polycondensation productativell low
RMM is heated with agitation to a temperature of around A6@3der dry
nitrogen gas thus effecting primary crystallisation. In iegt stage the pellets
temperature is raised to about 210°C, still under agitatioméruien gas flow
enabling further crystallisation to occur (up to around 48%)sé@leenditions are
then maintained (or slightly higher temperature applied) feuféicient period
for the transesterification/ polycondensation and esterificd#827] reactions
to occur (as shown in Scheme 1.5.2-2 and 1.5.2-3). After theree reaction
time polymer of different RMM can be recovered e.g. 300000 $B or
35000 for extrusion blow moulding (EBM).
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One of the major developments in PET chemistry was theduattion of
copolymer materials to suit specific purposes. Although S$®ed the RMM

of PET to be increased sufficiently for bottles to be produbediricreasingly
demanding processing conditions and end user requirements stimulated
significant effort into improving the polymer processing and ptagser The

most common copolymers are produced using the co-monomers cyclohexane
dimethanol (CHDM), isophthalic acid (IPA) and naphthalene d2carboxylic

acid (NDCA) (Figure 1.5.2-4). Various loadings of co-monomer ased
depending on the desired properties e.g. for processing in oumédle
environments (high humidity) around 1-2% wt/wt would be used while 8%stw
co-monomer would typically be used in re-fillable bottles witick walls where

the second monomer reduces the rate of crystallisation atjoamorphous
preforms to be manufactured. There are some speciality coprdyavailable

with even higher co-monomer levels, in the range of 3-15% willese
materials often have naphthalene 2,6 dicarboxylic acid asafmeonomer and
have been shown to give improved gas barrier but are nxpensive and
difficult to dry and process. The final class of copolymersehasry high co-
monomer levels (about 35%) and are amorphous materials c&lE@.Prhey
exhibit excellent clarity and are used in injection mouldingl a&xtrusion

applications and are known to be difficult to dry.

= ; 5 Ky
0—(CH gl — G —f, S da-EH-nn 4 HHE— g0 = —, e —
o -::Z- J ] L ky'
GO, SRl —— j— 4+  HO-{CHyl-0H
o LY o A A

Scheme 1.5.2-2 Transesterification/polycondensatiaturing SSP
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Scheme 1.5.2-3 Esterification reaction during SSP

The structure of PET due to its repeat unit governs theequbst properties of
this uniqgue material. PET can exist in both amorphous andcsgstalline forms
and its morphology has been well described by the chain folded r{f&idate

1.5.2-5). Due to its highJ(~250°C) and relatively lowyI{~60°C) PET can be

readily quenched from the melt to produce amorphous articles.

CHZOHOCHZOH Cyclohexane dimethanol

@) @) Isophthalic acid

Naphthalene 2,6 dicarboxylic acid

Figure 1.5.2-4 Examples of co-monomers typically ed in PET copolymer synthesis

One of the main properties of PET is its ability to badily orientated. The
performance on stretching is related to factors such agetamare, molecular
weight, strain rate, crystallisation, moisture, and copofylyyee and composition
[28-36]. The best stretching behaviour for the formation of botlebiained at
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Ty plus about 20°C (i.e. about 100°C) with polymer RMM of approximately
25000 — 33000. The presence of crystallinity can hinder orientation and
stretching due to embrittlement and excessive modulus and rofieifests as
delamination. Moisture generally behaves as a plasticizking the polymer
more ductile and easier to orientate but may also cause hydégradation.
Copolymers can also influence the stretching behaviour of PEhgel being
dependant on the type of additive and the quantity added. Co-monsunaras
long chain glycols and aliphatic diacids tend to redug®fTthe polymer and
hence improve flow whereas co-monomers such as NDCA tend t@sectiee

stiffness of the polymer and thus inhibit stretching.

_—— %=%=4\
N0
— =

H'_-

Figure 1.5.2-5 Chain folded model of crystallisatio of polymer chains

PET bottles containing carbonated beverages are stored undémnucost
stress/strain for extended time periods and hence the preggrties of PET are
important. Studies by Bonnebat et al [33] have shown that PEites resistant
to creep at low temperatures but, as temperature approagties|@vel of creep
increases significantly as modulus falls. Increased cteepnegatively impact
barrier properties and is often tackled by increasing th&alliyne content of the
material or increasing the orientation.

For classification purposes PET is generally referred tisbytrinsic viscosity

(IV) which is related to the molecular weight of thetemal by the Mark-

Houwink equation (Equation 1.5.2-1) where is the IV, M is the molecular
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weight and k and a are constants. IV is measured by dissahéngolymer in
solvent and measuring flow time at different concentrationsiyNMalvents have
been used but the most commonly accepted solvent system #0gpé@énol and

tetrachloroethane mixture, and is the industry standard.

[ I=k*M

Equation 1.5.2-1 Mark-Houwink equation relating solution IV and molecular weight

The crystallisation behaviour of PET is also significarthe characterisation of
different grades. In general it is observed that loweril®. (nolecular weight
products) crystallise more easily as the polymer chainsnare mobile due to
the reduced number of entanglements. Such materials theraferensuitable
for thick walled preforms where cooling of the inner portionhef preform wall
is slow. It would be expected that higher molecular wegghtles would solve
this problem but the high molecular weight imparts difficult flproperties in
mould filling and bottle blowing hence copolymers are generallyd u®
circumvent this issue. The co-monomer disrupts the close pagkpayts of the
polymer chain hence increasing the time taken for crysttdis to occur.
Overall, in most applications a suitable delay is requiredhe onset of
crystallisation from the melt in order that amorphous agidach as film or
preforms can be produced. The second major feature is the teompeat which
cold crystallisation occurs on heating prior to stretching gsses. When
orientation of PET is required the material must be ldeatove T to enable
sufficient molecular motion of the polymer chains, henceustnbe ensured that
the temperature of cold crystallisation is not so lowcituss during orientation
as crystallisation at this stage of processing is afgignt cause of delamination.
It is important to note that polyesters in general, including REEe highly
hygroscopic in nature and can very quickly adsorb moisture ugttmason
point. The total amount that can be adsorbed is dependant on thetipropbr
amorphous and crystalline material in the sample. It has sfemmn that entirely
amorphous PET adsorbs water in a manner directly proportional éo vadour
pressure [37] and obeys Henry’s law. Crystallinity in theyp@r has the effect

of reducing the level of moisture present and the relatiortstiyween moisture
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saturation and amorphous/crystalline content has been deternsnedsathe

temperature dependence.

Table 1.5.2-1 Summarised barrier properties of PETand PET copolymers (after Jones PET
packaging, Sheffield academic press 2002)

Gas barrier properties at 30°C
0, CcOoy* N> H;0O
cc - mil/100inch? - cc-mil/100inch? - cc-mil/100inch? - g mil/100in? -
Polymer type 24 h- Atmos 24 h- Atmos 24 h - Atmos 24 h- Atmos
PET homoflow
copolymer
Amorphous 9 54 2.4 4
Oriented 5 40 25
Crystalline 4 33 1.2 2
PET medium
copolymer
Amorphous
10% IPA 8 40
10% PETN 8.2 53
20% TPA 6.5 35
20% PETN 8 47.5
PET high
copolymer
Amorphous
PETG 19 109 5.5 8
50% IPA 4 16
50% PETN 6.3 39
100% IPA 23 6
100% PEN 3 18 0.4

The gas barrier properties of PET are essentially goodp&akaging materials
the crystalline content is critical as it is considersgeatially impermeable. In
addition to the level of crystallinity the orientation aktcrystals in relation to
the direction of flow of the permeant gas is also importemPET packaging
applications such as biaxially orientated PET sheet and |SBMes the
stretching process ensures alignment of the crystals pecpéardio the flow of
gas and hence maximises the gas barrier propertiesiditioa to the level of
crystallinity the level and type of copolymer can alsouefice gas barrier and it
has been shown that co-monomers such as isophthalic acid andahempt2,6
dicarboxylic acid can have a positive influence on thebgaser [38, 39]. Some

of the important gas barrier properties as described astrdted in Table 1.5.2-

40



1 and show that orientation and crystallisation improve the gastbas does the

incorporation of various co-monomers.

1.6 Fundamental properties of the fillers studied

1.6.1 Montmorillonite based organoclay

The major filler used in this study is montmorillonite (MMMMT is part of
the broader group of layered minerals known as phyllosilicatesoe generally
clay minerals. There are broadly four types of clay witthis group, namely
Kaolins, lllites (clay mica’s), Chlorites and the Smiectilays. All of these clays
are termed crystalline clays and are composed of fine glatped crystals with a
thickness of around 1nm. The platelets vary in composition bugemerally
built on Si tetrahedron and Al or Mg octahedron building blocks (Eigus.1-1).
In the literature there is sufficient material regardingdtnactural characteristics

of these materials.

o Si O @] . OH O Al /Mg

Figure 1.6.1-1 Silica tetrahedron and aluminium/magesium octahedron
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MMT belongs to the smectite sub-group and is the major compohbentonite
clay (~80%). It was first identified in 1896 near Montmorilkenin France from
where its name is derived. MMT is the most commonly usay for polymer
nanocomposites and is found distributed throughout the world. The rasnkent
clay is mined and then put through numerous grinding, sieving anfitation
and ion exchange steps until the sodium form of MMT is obtaihesl.usually
cream to light brown in colour and supplied as a powder of nominatlpasize
8 m, hence each particle is made up of smaller aggldetegarticles, each of
which is made of thousands of individual clay layers.

The montmorillonite platelets are made up of a 2:1 sandwich steucbnsisting
of two silica tetrahedral layers separated by an octaheustal oxide layer
(Figure 1.6.1-2).

/ <+— Teirahedral
+—— (ctahedral

- Tetrahedral
- [ ] i
Exchangeable cations
O Al Fe, Mg, Li
© OH
a0

& L1, Na, Rb, Cs

Figure 1.6.1-2 Structure of montmorillonite layers(from S.S. Ray and M. Okamoto; Prog.
Polym. Sci. 28; 1539 (2003)
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Each layer is separated by a Van der Waals gapedfér as the interlayer. Due
to a certain amount of substitution of Mg for Al in the octahksineet an overall
negative charge is developed which is balanced by thenmesd# an alkaline
metal or alkaline earth metal cation such as sodium [40].

The presence of the sodium cation in the clay galleryh@mde positive charge
results in a very hydrophilic environment. The hydrophilic natdr¢he clay
interlayer results in poor compatibility with most polymers deethe need for
chemical modification of the clay interlayer (shown scheraliyicin Figure
1.6.1-3).

Successful surface modification of montmorillonite has been condbygteation
exchange reactions and ion-dipole reactions using alkyl ammonilisn a&y!
imidazolium salts, alkoxy silanes, polysiloxanes and water-solpiolymers
such as poly (vinyl pyrolidone) (PVP) and poly (ethylene oxide) PEAB].
Current commercially available organoclays are without exaeptiodified with

alkyl ammonium salts.

-ve charge
-ve charge .
- - Cation
O O O exchange
—
/
— 0 0 Expanded
Interlayer
-ve charge spacing
-ve charge

Figure 1.6.1-3 Chemical modification of the clay ierlayer

1.6.2 Nano - Silica flakes

Nano-silica flakes are a recent development based on noveligtaoy
technology. Traditional glass flake manufacture involves blowitrey molten

glass into a thin tube and then pulverising the tube intal dragments. Silica
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flakes produced by this technique generally have thickness ob In- and

lengths up to Imm. Silica flakes have been used extensivélieas polymeric

coatings since the 1950’s as they have been found to improveregistance,
prevent cracking and peeling, have good chemical resistancevarall extend
the life of the coatings [49]. In addition to these propertigsasilake filled

coatings have also been found to exhibit exceptional barrier npiespto oxygen
and moisture due to the tortuous pathway effect (as ped Rig.2-1). In recent
years, through developments in the silica flake industry raok more flake
grades have become available for thermoplastic moulding appficatid offer
benefits including increased tensile/flexural strength and modukduced
shrinkage and warping, improved dimensional stability, incrediseid and

vapour permeation, improved wear properties and increased fstattion

temperature [50]. Further potential applications for silicaeainclude denture
bases [51] and gas barrier films [52]. The main reasoth®mwider application
of these materials is due to improved glass bubble stabiliighwallows the
manufacture of significantly thinner silica flakes and tlevelopment of new
proprietary processes for the manufacture of ultra-thin flakekbass 100nm

thickness).

1.6.3 Divalent metal layered phosphonates (DMLP)

The use of metal phosphonates as a layered nano-filler isatvel new
application despite metal phosphonate chemistry being resedrohethe mid
1970’s. Recently much greater interest in the chemistrthege materials has
been apparent due to their ability to form inorganic/organic tgbat low
temperatures thus allowing the incorporation of organic funcitgnadithout
disturbing the inorganic portion of the layers. Also by varying eohganic
chemistry it is possible to build up structure with controlpesles or to build
structures layer by layer to produce thin films. Much of the vgorkar has been
focused on zirconium systems and these are well review€dkehyfield [53].
More recently more attention has been paid to the synthesisharalcterisation
of divalent metal phosphonates such as calcium phenylphosphonate [54] and
nickel phosphonate materials [55], and these structures have Wwekn

characterised. In addition, Grebier et al [56] have invetd)the synthesis of
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amine intercalated zinc phosphonates. In their work aminesdaled a&o the
phosphonate phase allowing the authors to increase the vartagyiotercalants

and their incorporation.

In addition to ongoing development of layered phosphonate some authers hav
investigated their use as nano-fillers for polymers. Wanglef57] have
synthesised polyacrylamide gamma-zirconium phosphate nanocommsies
in-situ polymerisation method. X-ray diffraction (XRD) canfied an increase in
phosphonate interlayer spacing from 1.22nm to 1.64nm for intercalation of
monomer and the subsequent polymer was found to have an exfeliatettre.
Epoxy alpha-zirconium phosphonate nanocomposites have also beendreporte
[58, 59] with good dispersion of the phosphonate.

Other reported applications of layered phosphonates in polymer almtaclude

their use in fuel cells [60] and also in the work of Rul€g] [®id Loye et al [62]

as a gas barrier additive for PET. In the work conducteldug [61] the various
phosphonate additives are added to PET by melt processing techangutse
resultant level of dispersion estimated by the increéaseSP time due to the
barrier effect of the materials to crystallisation. Mitidg work indicates
potential barrier improvements but actual measured data iprooided. An
idealised structure of a phenyl modified phosphonate such asetbaibegd by

Rule is shown in Figure 1.6.3-1.

PP Qg

Sl

S0 dd

Figure 1.6.3-1 Divalent layered metal phosphonateitk phenyl group in the interlayer
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1.7 Nanocomposite formation

Nanocomposites, in the most general sense, are formed byctrparation of a
nanoscale particulate (referred to as the filler) intea&roscopic sample (known
as the matrix). Through the incorporation of filler on the nanosedier than
the microscale it has been shown that the properties of enppiyatrix can be
greatly enhanced at lower filler concentrations than observidd microscale
fillers. Many matrices have been investigated with numefiiess such as clays,
graphite, carbon nanotubes, metal oxides, nitrides and polyhedramelig
silsequioxanes. Over the past two decades considerablecresdfort in both
academia and industry has been directed towards the developshent
nanocomposites and in particular, the development of clay polymer
nanocomposites. This interest in polymer/clay hanocompositesstigaied by
the pioneering work conducted by the Toyota group into PA6 nanocomposites
[63]. The Toyota group’s method was to intercalate clay wituitable organic
modification followed by mixing the organoclay with a monomet. (i.
carpolactam) and possibly catalyst and/or activator. The miiguhen heated to
the prescribed polymerisation temperature. The resultant o@posite
exhibited improvements in mechanical strength without the embrétie
associated with microcomposites and additional improvementshigh
temperature properties. Following on from this work many rekear
investigated the technology using numerous polymers until finally1995
Allied Signal patented a new method for the manufacturermdcmnposites [64].
In this method the inventive step was to use a silane inucoimpn with
alkyammonium intercalants to induce sufficient affinity betwé®e organoclay
and the matrix polymer (PA6) to exfoliate the clay in noelinpounding (e.g.
twin-screw extruder). It was noticed that the nanocomposites @eddnad a
considerable portion of-crystals (obtained by rapid cooling from the melt)
which were resistant to conversion to the more thermodyrédlgnistable -
crystal (obtained from slow cooling from the melt). The nanguusites had
improved rigidity and water resistance while retaining toughres$ace gloss
and abrasion resistance. The final method used for nanocompggiesss is

from solution and has been attempted with many polymers,dbtarshas not
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achieved the commercial success of in-situ polymerisamhmelt processing
methods due primarily to the copious quantities of solvent required

In terms of polymer/clay nanocomposites the ultimate goal jgsdduce a matrix
containing individually dispersed clay layers as illustratedesettically in
Figure 1.7-1.

Stack of clay D
platelets E—

Mixing process with

polymer

Figure 1.7-1 Schematic representation of exfoliateday platelets

The dispersion of the clay as individual layers within the mpelymatrix allows
significant increases in properties such as strength affdest (without a
detrimental effect on impact properties), heat distortion teatpe and gas
barrier at low filler concentrations while maintaining good icait

properties/transparency.

1.7.1 Formation of nanocomposites from solution

In the formation of nanocomposites from solution the processaisvedy simple.
First the clay is dispersed in the appropriate polarity anedg. water for
hydrophilic clay or organic solvents for organoclay. The second istep

dissolve the polymer in the same, or an alternative cobipatolvent. Care
should be taken that the clay can be readily dispersed in trensolsed for the
polymer. The clay dispersion and polymer solution are then méxeb the
polymer displaces solvent molecules within the swollen lelggrs. The solvent
is removed and an intercalated/exfoliated composite is prod(aedshown

schematically in Figure 1.7.1-1).
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Historically many water soluble polymers such as PEO [65], patyl(alcohol),
PVA [66] and PVP [67] have been used to intercalate chllerges by this
method. For PEO systems produced by varying routes, thin dilrimgercalated
nanocomposites have been produced but were prone to cracking [65].
Organic solvents have also been used to produce nanocompositessojution
method. In one such example Jeon et al [68] produced HDPEoraposites by
dissolving HDPE in a xylene/benzonitrile mixture with dispersegianoclay.
The nanocomposite was recovered by precipitation and washing inahdF
found by XRD and TEM to contain well dispersed tactoids amdesindividual
clay layers. Further examples include the synthesis of syot®t®S
nanocomposites [69], polyimide [70], poly(dimethylsiloxane) [71] ambngs
others.

Overall the solution method shows significant promise as a tpolnd produce
high quality nanocomposites but is unlikely to ever achievaifgignce in
industry due to the large quantities of solvent required. likedy that this
technique will remain useful in academia for smallerlescasearch projects

without ever becoming a commercial process.
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Figure 1.7.1-1 Schematic showing solution synthesisute to nanocomposite formation.



1.7.2 Formation of polymer nanocomposites from in-s itu
polymerisation

The Toyota research group pioneered the in-situ polymerisation appfoa
nanocomposites. In essence the appropriate clay materialsspegséd in the
monomer (or monomers) with other additives as required (e.@lyst
stabilisers, antioxidants etc.). This mixture is then broughtht required
temperature and pressure to affect polymerisation resuftipglymerisation of
the monomer that has been intercalated in the clay lallesgrowing polymer
chains force the clay platelets apart affecting dispersioithe clay in the

growing polymer matrix (as shown schematically in Figuiie2t-1.
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Figure 1.7.2—-1 Schematic representation of in sitpolymerisation

As mentioned previously the ground breaking work conducted in this fiedd wa
by Deguchi et al [63] in their synthesis of PA6 nanocompodtiedher research

in the Toyota research group has led to considerable megmi=of the process. In
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the work conducted by Usuki et al [72] in the early 1990’s, focusmghe
modification of sodium form clay with -amino acids of varying CHchain
length. The modified clays were then swollen inarpolactam at 100°C. The
mixture was then brought to the required polymerisation condit@mpsoduce a
nanocomposite. The authors confirmed a high degree of exfoliatiaine
resultant nanocomposite. This method has been extended andousmtier
polymers such as poly (propylene) (PP) [73], pebarpolactone [74] and poly
(methylmethacrylate) (PMMA) [75] amongst others. In gengireen considered
choice of clay surfactant in order to maximise polymer/clateractions,
nanocomposites with a high level of dispersion can be produced thm

technique.

1.7.3 Formation of nanocomposites from polymer melt S

The formation of nanocomposites from polymer melts, has perkapied the
most attention of all the possible routes to polymer/claapcamposite synthesis.
The main factors stimulating interest in the technique islillty in formulation,
economic favourability and the technique requires only commonly used
compounding and fabrication equipment. In general terms polymeclaydre
added to a melt mixer (e.g. twin-screw extruder). Thangiand resultant shear
generation breaks down agglomerated silicate particles staoks of clay
platelets which, are in turn broken down further into smadletoids. Diffusion
of polymer chains coupled with shear generated in the extisitleought to peel
apart the remaining platelets in the clay platelet stackisnprove dispersion
further (as illustrated in Figure 1.7.3-1).

Several factors have been found to be significant in optignigie melt mixing
process and producing the highest level of dispersion possible.SStodigucted
by Paul et al [76] have illustrated the importance of alegtinent in conjunction
with differences in extruder type and screw configuration endispersion of
PA6 nanocomposites. In addition this study also elucidated the temper of
extruder residence time indicating longer residence times tbeheficial in
producing the best dispersed nanocomposites. In addition to tlwéses fih has
also been determined that high melt viscosity [77] andioitegion of organoclay

addition [78] can also play an important role in determining eRkeent of
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exfoliation, and the final nanocomposite properties. Despitseth@mactical
guidelines nanocomposite quality can not be guaranteed and att@sfsuch as
organoclay thermal stability and clay/polymer compatibilityynteave greater

influence in determining the quality of nanocomposite.
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Figure 1.7.3-1 Schematic representation of the meahism of clay dispersion and

delamination of individual clay platelets in melt pocessing (from Ref [77]).

Over the past decade a huge amount of data has been publistietlsynthesis
of nanocomposites by melt compounding hence individual cases cannot be
discussed in detail here although a detailed discussion ofn@Bdcomposites

from melt compounding will follow in section 2.5.

1.8 Commercial applications of nanocomposites

Despite the considerable research efforts expended on otdymer
nanocomposites both in academia and industry, commercialisation of
nanocomposites products has been relatively slow. Several sfatimve
influenced the slow development of the commercial market foramamposites,
including identification of specific markets, increased costgamed to other
filled systems (such as glass fibre filled PA6) andulaipry issues. Regardless

of the problems associated with the commercialisationpofiymer clay

nanocomposites there have been some successful products developed.
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The first commercial nanocomposite product was PA6 based antbpeddy
Toyota Motor Company for timing belt covers [79]. The use of tmeaterials
has also been extended to the Toyota Camry [80]. A furthes Bdsed
automotive engine application has been developed by Unitika for ecguess
for Mitsubishi GDI engines [79, 81]. In addition to automotive appibcs PA6
has also been developed by Honywell as a barrier layer dtiilager bottles
[79].

In addition to PA6 nanocomposites, PA-MXD6 has also been deveiofmed
commercial nanocomposite through the collaboration of Mitsubishi Gas
Chemical Company and Nanocor [79]. The resulting material exeellent CQ@
barrier in multilayer bottles and has been used by thieeMirewing Co. in the
USA.

In addition to polyamides, polyolefins have also seen some fisati
commercialisation particularly in automotive applicationais&®d and General
Motors jointly developed a thermoplastic polyolefin for use in qmorels of the
Chevrolet Impala and have followed this with the developmerat step assist
component used in GMC Safari and Chevrolet Astra vans [82¥88F recent
developments by Honda Acura in conjunction with Noble polymers haame se
the commercialisation of another thermoplastic polyolefin tonctural seat
backs [84].

From the types of applications described it is clear thabec@mposites have the
potential to thrive in applications where the unique propertietbigxth such as
strength and stiffness with comparable density to the unmddidymer and

improved gas barrier add value to the product.

1.9 PET nanocomposites

So far there has been no commercialisation of a PET nanosidenpespite the
high rewards for technical success. The following sectionsdethkil the efforts
made in the development of PET nanocomposites and the propédrtiesse
materials.
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1.9.1 PET nanocomposites from solution

Due to the problems associated with handling large quantitissent it is not
surprising that few researchers have investigated the biies of using
solution techniques to form PET nanocomposites. In addition, salysteéms
for PET are generally composed of difficult to handle solvemttures
containing phenol, tetrachloroethane, chloroform and 1,1,3,3{bexrad2-
propanol amongst others. Despite this some interesting studiebémvearried
out using this technique such as the work of Ou et al [85]thim study
cetyltrimethyl ammonium chloride was used to modify the.dgnocomposites
were formed with varying loadings (1, 5, 10 and 15wt%) from a\8/Wv) ratio
mixture of phenol and chloroform. The morphology of the nanocomposites was
investigated using XRD and TEM and found to be a mixture obliexéd
platelets and small intercalated tactoids with a geryegalbd dispersion even at
15wt% clay. DSC analysis was conducted and the clay was fuhé an
effective nucleating agent with optimum nucleation and acatbn of
crystallisation rate occurring in the 10wt% clay nanocompo#gitean almost
identical paper by the same authors similar experiments e@rducted on clay
containing a cetylpyridinium modified clay [86]. The morphology ofsthe
nanocomposites was found to be similar to those obtained for tiigicethyl
ammonium surfactant although XRD peaks were much stronger imgjcati
more intercalated structure than in the previous case. TH& &®eriments
revealed a heterogeneous nucleation effect and TGA reveaproved thermal
stability with the temperature of maximum weight loss iasieg (about 5°C) in
all cases for the nanocomposite compared to the pristine posample.

The group of researchers led by Moore [87-89] have also prodsestabk
papers on solution based nanocomposites utilising a sulfonateibR&er in
order to improve polymer clay compatibility. In one paper [&thposites were
produced from PET and PET containing 2, 6 and 10 mol% sulfoisophthiic ac
from a 1:1 v/v mixture of 1,1,3,3-hexafluoro-2-propanol and chlorofmiriure
with 5wt% Cloisite 30A organoclay (bis-2-hydroxyethyl methyl octatle
ammonium surfactant). XRD analysis of the nanocomposites relvaatexture
of intercalated clay and pristine clay in the PET while ionob@sed composites

showed a much broader flatter peak in the range of 2-4° imdjcatercalation
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and some exfoliation of the clay particles. Again a nuideaeffect was
observed which became more pronounced with increasing ionomer content
These results are confirmed in a further paper [88]. A fuythper [89] explored

a comparison between C30A and CNelays and the resulting effect on
crystallisation behaviour. Nanocomposites were produced iniégdéfashion to

that described previously with 5wt% clay and ionomer conteri2zsnodl% and 6
mol%. Cloisite 30A was found to be the more effective nucigadigent despite

the expectation that CNawould offer larger nucleation sites due to less
dispersion.

One final paper pertaining to the synthesis of PET nanocotepdsdm solution
concentrates on a high co-monomer PET containing 2.6 naphthatanieodtylic

acid [90]. The composites were produced with varying conterits o
hexadecylamine modified clay from N,N-dimethylacetamide salve all cases

up to a loading of 6wt% organoclay a clear (001) peak was olosEwéhe clay
indicating full exfoliation had not occurred but that an intereal
nanocomposite had been produced. Supporting TEM indicates a predoyninantl
intercalated structure with a few individual platelets.

The work conducted by this technique for PET indicates good dispearfsibe

clay can be achieved given maximisation of clay/polymer actens but fully
exfoliated nanocomposites were not obtained. The above studiestdinclude

any evaluations of barrier properties.

1.9.2 PET nanocomposites from in situ polymerisatio n

The synthesis of PET nanocomposites has some distinct advaoiagethe
solvent assisted process as large quantities of solvenbtarequired and there is
potential for PET resin manufacturers to produce nanocomposigiatmtvith
very little modification of existing plant facilities. Asould be expected with
these advantages there is a larger body of literature megaito PET
nanocomposites synthesised by this route.

In addition to clay based nanocomposites, it is of note thatndwys have
produced PET nanocomposites with alternative nano-fillers asisilica [91-93],

calcium carbonate [94], barium sulphate [95] and alumina [96]séllstudies
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examine factors such as dispersion of the filler, influeonecrystallisation
behaviour and wear rate.

For PET/clay nanocomposites Zhang et al [97] modified MMT with
hydroxypentyl trimethyl ammonium iodide (HPTA) and hydroxyethyl
isonicotinamide (HENA) and polymerised with BHET to producengosites

with polymer anchored to the clay (as shown in Figure 1.9.2-1).
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Figure 1.9.2-1 Polymerisation of BHET in the presece HPTA to form anchored
nanocomposite (from ref [97])

Nanocomposites with 5wt% and 10wt% were produced and XRD relvadlgh
level of clay dispersion with the (001) peak almost disafpgdor both clay
types. Films containing 10wt% clay were found to be transpaather
confirming a high level of clay dispersion although some yetigwwas
observed, particularly with HENA modified clay. In additidnvas found that
tensile strength of the HPTA nanocomposite was improved by 5&%pared to
the standard PET.

In the work of Ke and Yongping [98], clay was modified with a qunatey
ammonium with carboxylic acid functionality and dispersedthylene glycol.

Polymerisation was carried out by ester interchange of byhétrephthalate
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and ethylene glycol/clay slurry to produce nanocomposites wh3 and 4wt%
clay. XRD and TEM were used to investigate the nanocompositphology
and it was found that the clay had dispersed evenly in the ntatproduce a
mixed structure of exfoliated platelets and small tact@di®ut 5 clay layers per
tactoid estimated from TEM). Other tests on the nanocoitegoshowed that
the clay acted as a nucleating agent for cold crystadlisaind that a 50%
reduction in oxygen transmission of films could be achieved iit% of clay.
In the work conducted by Ke and co-workers [99, 100] polymerisatidPEdf
monomers was conducted in the presence of a proprietary madéiednd also
clays modified with ethanolamine, cetyl trimethylammoniuatt, slaurilamine
and hexanediamine. Resulting morphological investigation reVveala
intercalated nanocomposite had formed with an interlagpacing of
approximately 3.4nm and some large agglomerations of claypeAgrevious
examples the clay acted as a nucleating agent and improgemnertensile
strength and HDT (up to 50°C increase) were also observed.

The previous papers have focused on ammonium based surfactelatyfwhich
may degrade at PET polymerisation temperatures. Itisvid that poor thermal
stability of surfactant and subsequent degradation may leaddicced clay
dispersion and hence lower quality nhanocomposites. In order tooowe this
problem Imai and co-workers have produced novel phosphonium based
surfactants [101-103] and used high purity synthetic clay (expandalblen#
mica). Nanocomposites were produced from the polymerisation of a
BHET/organoclay mixture and the resultant nanocompositesihaatercalated
structure with an interlayer spacing of about 3.2 — 3.3nma.dt hote that despite
producing novel surfactants with increased affinity for PET thedmal stability
exfoliation was not achieved.

In addition to the work of Imai, Chang et al [104] have alscestigated
phosphonium based surfactants in in-situ polymerised nanocompositiaeirl
procedure clay was modified with dodecyltriphenyl phosphonium anddmixe
with ethylene glycol and dimethyl terephtalate and polymeriséeé. resultant
materials were drawn into fibres and the morphology and tensithulos was
investigated. The nanocomposites were found to have an iatetatructure
with a distance of 1.72nm calculated from XRD. This is teas that observed

for other intercalated PET structures and is probably due tbigheorientation
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of the PET chains due to the fibre forming process. Incredbngraw ratio of
the fibre appeared to improve the clay dispersion as evidehge the
disappearance of the (001) peak in higher draw ratio sarbptestacks of clay
platelets were clearly evidenced by TEM. The tensile modfltise fibres was
found to increase significantly for 3wt% clay but the eff@ess reduced as the
fibre draw ration was increased.

In other work Tsai and co-workers have developed a novel approaochsitu
polymerisation [105-107]. In this work a new process for insdlymerisation
has been developed called the ‘driving force concept’. Inpgtosess sodium
form clay is modified by a surfactant with functional groefiner hydroxyl or
carboxylic acid) and a catalyst or initiator which is thewlgen in BHET prior
to polymerisation. The authors have continued to develop improvgs afed
released impressive results in 2006 [107] including incredsedrél strength,
increased HDT, reduced transmission of UV light and mgsifgantly reduced
CO; barrier (from 0.304 to 0.04 ccffday) in bottles with no haze. In another
novel approach to in-situ polymerisation Kim et al [108] produzqumblymeric
organoclay by first dispersing the clay in ethylene glycol et esterification
was carried out with 1,2,4-benzenetricarboxylic anhydride. Thelrday was
added to the polymerisation of ethylene glycol and terephtheittto produce
nanocomposites with varying clay loading. Characterisation ofrtbi@hology
was conducted and a good dispersion of the clay had been olahitiesisub-
micron level without achieving full exfoliation.

Other authors such as Hao [109], Lee [110] and Choi [111] hawvedaleloped
novel approaches to the sythesis of PET nanocomposites viau in-si
polymerisation. The work of Choi [111] is of particular inté@s it is one of the
few reports on PET nanocomposites to include some dategerbarrier testing.
In this work the authors modified sodium form clay directiywdhlorotitanium
triisopropoxide catalyst in THF to produce clay supported polymeisati
catalyst. The clay supported catalyst was used to produce ngrasites with 1,
2 and 5wt% clay. The films produced from these materials Wned to be
intercalated with a (001) spacing of 1.52nm. Despite exiotianot occurring
significant improvements in Qransmission were observed from 857cttay
to 55cc/miday for 5wt% clay. The transparency of the nanocomposibes filas

found to diminish as the clay content was increased.
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The in-situ polymerisation method of producing PET nanocomposites tieslica
some very high levels of dispersion can be achieved. Signify improvements
in the gas barrier properties have also been demonstrataenocomposites

produced by this technique yet commercialisation has not yet edcurr

1.9.3 PET nanocomposites from melt processing

The melt processing route to clay polymer nanocomposites iscuparty
attractive as it allows researchers in both academdaimdustry considerable
control and flexibility in nanocomposites formation. In addition, rpeticessing
can be carried out with traditional industry processing equipsggit as twin-
screw extruders, two-roll mills and internal mixers. Ithsrefore not surprising
that the largest body of material pertaining to PET nanocomepissiocused on
their synthesis by melt compounding techniques.

In an early paper on melt processed PET nanocomposites by S&utiseet al
[112] PET was processed with Cloisite 15A organoclay (dimethyl
dihydrogenated tallow ammonium salt surfactant) which is higlijrophobic.
The authors recognised that compatibility was likely to be mothr PET and
included maleic anhydride and dipentaeurithritol to improve the ctibilig of
the PET and the clay layers. The resultant nanocomposiie@@4) spacing of
approximately 3.15nm measured by XRD. This value is similahab of the
unmodified clay indicating exfoliation had not occurred. The rasult
nanocomposites did show a nucleating effect and increasedtstiedigating an
intercalated nanocomposite had been produced. In another easybst Boesel
and Pessan [113] nanocomposites were produced using a dialkythgime
modified sodium clay and two commercial clay grades (Viscagellmpaltone).
In each case XRD analysis coupled with TEM indicatethtarcalated structure
with an interlayer spacing of about 3.3nm. It is of note thatimpaltone grade
of commercial clay exhibited particularly good dispersiorhvtétctoids reduced
to only 4 or 5 clay layers in most cases. No further t@ste conducted on the
nanocomposite samples.

In papers by Pendse et al [114] and Phang et al [115] the Itsgsian
behaviour of PET nanocomposites is investigated. In the fopapeer the

nanocomposites were intercalated in nature with an interlapacing of
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approximately 3.39nm and the clay significantly nucleatedtatigation of the
PET. In the latter paper no analysis of the nanocomposite mophevas

undertaken but it was confirmed that the clay acted aslaating agent for both

cold crystallisation and crystallisation from the medtudies conducted by

Calcagno et al [116] concentrate on the effect of surfactatiie dispersion and

crystallisation behaviour of PET nanocomposites. The authors otisesimilar
interlayer spacing of approximately 3.3nm for different polaritgys! and
observed that the (001) peak was absent for unmodified clay. Ekéhaled a
predominantly intercalated morphology for all the modified clayse sodium
clay appeared well dispersed from the TEM presented despitiydrophobic
nature and the authors propose exfoliation was achieved on tlseobakrect
polymer/clay interaction. This result is surprising and hasbeen previously
observed nor further explained. Other authors who have experiefficedtgiin
obtaining exfoliated nanocomposite include Wang et al [117], McCaetnal
[118], Pendse et al [119] and Pegoretti et al [120].

Surprisingly few papers are available dealing with the lgasier properties of
PET nanocomposites produced by the melt compounding method. One
example is detailed in the work of Garcia-Rejon etl&l]. This paper is of
particular interest as it details barrier propertiesboftles rather than film
samples. The authors produced PET nanocomposites via twin-egtaygion
with 3wt% loading of Cloisite 6A organoclay (hydrophobic grade madiifigth
dimethy dihydrogenated tallow ammonium). It was noticed thaing further
processing to produce bottles the PET nanocomposites could ¢ttednge lower
pressures and blown at lower pressures with the authors sfyeguhat the

nanoparticles may act as an internal lubricant althoughmtugh more likely that

such

degradation had occurred during processing and the phenomenon observed i

attributable to reduced molecular weight. The resultant kottlere found to
have a more uniform distribution of polymer in the bottle wall the
nanocomposites although the overall wall thickness was lower by aBétit
Top load resistance for the nanocomposites was found to imptoveom
temperature and the resistance to deformation was also ietprior the
nanocomposite bottles. The appearance of the nanocomposite butitegeid
some degradation may have occurred due to the distinct aligoeiouration

and the bottles also exhibited significant haze. Despite smsitive property
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enhancements the oxygen permeability improvement for the nanosibenpas
quite modest (P = 0.35 cf P = 0.28 for the nanocomposite) whétbaies that
the overall dispersion of the clay was probably low despied properties not
having been reported.

In the work of Sahu et al [122] the properties of nanocomposites filrare
examined and some improvements were observed although biaxihisgeand
fatigue resulted in reduced properties compared to the PEToco®anchez-
Garcia and co-workers [123] have also investigated the peiiibhedehaviour
of PET nanocomposites produced from the melt. Nanocomposites wereed
from NanoBioMatters Nanoter 2000 organoclay (5wt%), which contains an
undisclosed surface modification. The resultant nanocompositenvestigated
to determine morphology, crystallisation properties and bapieperties to
oxygen, water and limonene. Their investigation of the morphologgleded
that the nanocomposite structure was predominantly exfoliatecsarntle limited
small tactoids while the crystallisation properties wésand to be largely
unaffected. The barrier property was improved to all thenpants tested (50%
reduction in oxygen permeation) further confirming good dispersion afl#ye
and development of a tortuous pathway.

From these published results it is evident that there is paltémtimprove the
properties of PET by the addition of clay nanoparticles but teaehéxfoliation
certain factors need to be addressed such as the poor lthetabiity of
commercial organoclays at the PET processing temperan@ (- 300°C
generally) and the poor compatibility of these organoclays RET [124].

The thermal stability of commercial organoclays and other quarte
ammonium modified clays has been explored in the literature [28} and it is
clear that degradation of the surfactant occurs at tempesatell below the
processing temperature of PET. In order to address this fundardefitiency
in commercial organoclays considerable research time hasirbessted. In the
work conducted by Davis et al [127] it was found that bromide-aunta
impurities from the dimethyldioctadecyl ammonium surfactant acatdd the
thermal decomposition of the surfactant. The authors were allentonstrate
that by careful solvent extraction using hot ethanol followedelbahydrofuran
(THF) the offending bromide compounds could be successfully removed thu

improving the thermal stability of the organoclay. Ottegearch activities have

60



centred on the synthesis of more thermally stable onium saith as
phosphoniums [128 — 130] and imidazoliums [131]. These materialskhesre
found to exhibit significantly improved thermal stability qoaned to ammonium
based surfactants.

Several authors have directly investigated the relationshipebe organoclay
thermal stability and the dispersion quality of the nanocoitggogroduced. In
one such paper Davis et al [132] investigated the performamice
dimethyldioctadecyl ammonium surfactant in comparison to 1,2ityh8-
hexadecyl imidazolium surfactant. PET nanocomposites were modyctwin
screw extrusion under varying conditions of screw speed andhgamgsidence
time. The nanocomposites were processed at 290°C with 5wip@adtied. The
ammonium modified clay nanocomposite was quickly found to be exyeme
discoloured due to degradation of the clay surfactant. On tier diand the
imidazolium modified clay produced nanocomposites with good colourbd@ste
dispersion was found for the nanocomposite with low screw spekckaidence
time indicating that even with a more thermally stable slafactant reducing
the time spent at high temperature was beneficial. Thealbwgrality of clay
dispersion was deemed to be good with a mixture of sntadlitts (about 4 clay
sheets) and individual delaminated platelets observed. Inhematudy
conducted by Costache et al [133] novel thermally stable santzcbased on
quinolinium and a vinylbenzyl-ammonium copolymer were used in thik me
synthesis of PET nanocomposites. Despite the increased thstabdity the
nanocomposites produced had an intercalated morphology and full esioliat
was not achieved.

In a more recent paper Stoeffler et al [134] have studiedintigence of
organoclay surfactant on the morphology and crystallisation bmiraef PET
nanocomposites. The authors synthesised four organoclays with ammonium
pyridinium, phosphonium and imidazolium based surfactants and also
unmodified sodium form clay, the thermal stability was messwsing TGA-
MS. All the organoclays were found to have thermal stglglieater than 290°C
(based on 5% weight loss) but it was noted that gasses vaiee@d at
significantly lower temperatures indicating some degradatsomcicurring at
temperatures lower than the PET processing temperatueeatithors noted that

the sodium form clay did not exhibit any diffraction peak but concubat this
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is typical of sodium form clay in microcomposites form. Cantta the findings

of Colcagone et al [116] the authors directly observed signifinaato-scale
particles through optical microscopy in the sodium clay casethié ammonium,
phosphonium and imidazolium based clays intercalated/partialfgliated
nanocomposites were produced with an interlayer spacing of apprekimat
3.3nm in each case. In contrast the pyridinium based clay exhibitery wide
diffraction peak and TEM revealed a mixture of microsgadicles and small
tactoids consisting of approximately 4—10 clay layers. Theseids were found
to have variable interlayer spacing from 1.7nm-2.8nm. It veassidown that the
crystallisation kinetics were influenced both by the disparsand the clay
polymer interface properties.

In the paper of Lai et al [135] ammonium and phosphonium modifeas @re
directly compared and although the overall dispersion was impravetiei
phosphonium organoclay both nanocomposites exhibited a predominantly

intercalated structure with some exfoliated platelets.

Precipitation by
cold methanol

organoclay
= svaklipe

o s i

Dispersion of Separation of Elimination of
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Figure 1.9.3-1 Schematic representation of selectisurfactant removal (after [136])

The final paper concerning the influence of thermal stalbjtChung et al [136]
explores a novel new approach to obtaining thermally stable &eoliPET
nanocomposites. In this process (shown schematically in FigQr8-1) the
organoclay was dispersed in chloroform and then after thorougimgnmihe

clay/chloroform dispersion was added to trifluoroacetic aid stirred. PET
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was then added to this solution and mixed for a further hourdisgolved. Two
further samples were produced, the first with the surfaceambved and the
latter with the surfactant included. This was achievedhénformer by adding
drop-wise to methanol to precipitate the PET clay and theatiisglthe filtrate
and drying while in the latter case the solvent was removefuimg hood
extraction over 48hrs then dried. These mixtures were blendbadiwyi PET by
twin-screw extruder to produce the nanocomposite samples. Theanesuklt
mixed samples exhibit a peak free XRD pattern and thengganying high
resolution TEM images confirm an exceptionally high degreealispersion.
Films produced from this method had excellent clarity andlisoolouration.
Overall this technique exhibits excellent potential but requiresolvent based
pre-melt mixing stage which may prove a barrier to commiesateon.

In contrast to those authors dealing directly with the issueorghnoclay
degradation and its effect on PET nanocomposite properties atfeors have
chosen to tackle the issue of PET/clay compatibility. Insared work Thellen et
al [137] investigated the effect of using maleic anhydridé\Moupling agent
on the properties of PET nanocomposites. The authors investigated both
hydrophobic (Cloisite 20A) and hydrophilic (Cloisite 30B) clays withd a
without the MA and found that intercalation of the organoclaysimed and that
the hydrophilic clay had slightly better dispersion based on Tdzkth. The
authors observed that the dispersion was not improved by the additioe MA
and this did not influence the crystallisation behaviour of the a@mnposites
produced either. In another study Yuan et al [138] produced a hgkadezthyl
ammonium clay and also similar clay modified with  both
hexadecyltrimethylammonium and poly (ethylene glycol). The tiesul
nanocomposites indicated better dispersion in the PEG/ammoniurfiedaday
although the morphology was intercalated rather than exfolizdsdd on the
XRD data and TEM. It is of note that the HDT and flexuraddulus of the
nanocomposites increased compared to the unmodified PET anldetlacrease
was most significant in the case of the PEG modified clhis ifidicates that the
PEG has indeed improved the affinity of the PET for thg ctampared to the
ammonium based organoclay but the compatibility is not sudhcthaplete

exfoliation occurred.
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In a paper by Lai and Kim [139] a PET/PEN copolymer (8mol% PHEM) a
epoxy modified organoclays were investigated. The authors funtioelified
Cloisite organoclays C20A and C30B with diglycyidyl ether afpbienol A and
then produced PET nanocomposites by twin screw extrusion. The aRD
TEM analysis indicates that the intercalated nanocompositest®en produced
for both C20A and C30B although the peak intensity from XRD for Ci30B
much diminished indicating improved dispersion compared to the OBbiksh

is confirmed by TEM. The authors propose that the epoxy is abileatd with
the hydroxyl group of C30B and provide a high compatibility for PEthénclay
interlayer. It is further proposed that the epoxy can furteactrwith polymer
chain ends resulting in considerable clay/polymer interaction sfaswn
schematically in Figure 1.9.3-2). In addition to evaluatadnthe mechanical
properties of the resultant C30B based nanocomposites the autlsors al
investigated the oxygen transmission of compression mouldeddich®bserve
values of permeability coefficient of ~6.5 for PET/PEbNpolymer, ~3.5 for
PET/PEN copolymer with 4wt% clay and ~0.5 for PET/PEN copetymith
4wt% epoxy clay indicating significantly improved dispersion laf tlay and

development of an extensive tortuous pathway for permeant molecules
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Figure 1.9.3-2 Schematic of epoxy modified clay anéurther reaction with PET/PEN
copolymer (from [139])
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A second approach taken by some researchers to improvingatbiiity
between PET and clay is to modify the polymer rather tligncaupling agents
or modify the clay. In the work of Barber et al [140, 141]TR&omer is used to
increase the polarity of the polymer and hence improve comifgtivith the
clay surfaces. The ionomer is synthesised by replacing # smnantity of
terephthalic acid with sulfoisophthalic acid to give copolysneith ionic content

as depicted in Figure 1.9.3-3.

0 o] 0 0
fn J—@—‘—n —CH ,CH )—Cx _“_=|-"*‘“-“¢:_-._|_.;. —CH , CH r)—
1= g T_/ x
x=1.8,39,0r58 SO -Nat
mole%

Figure 1.9.3-3 Structure of PET ionomers (from [14])

The authors have been able to demonstrate that the compatbiRET with
clay can be considerably improved by the incorporation of sjoalhtities of the
ionomer moiety and that the dispersion improves further agtizener content
increases. The explanation of these phenomena is that the ioimige to
interact strongly with the clay platelet edges, and thgststhe dispersion
during shearing in melt processing to improve the dispersion @-igj%.3-4).
The authors have shown that improvements can be obtained withusva
organoclays and even unmodified sodium clay.

More recently a novel approach to the use of PET ionomerseeassnggested
by Ammala et al [142]. In this study AQ55 polyester ionomer framstiBann
Chemical company is dispersed in water with the requireadntipaof clay
(Cloisite 10A montmorillonite, Somasiff MEE and Somasif ME10@dified and
unmodified synthetic fluorine mica), also dispersed in walthis mixture was
then poured onto PET and the water removed by mechanical agéatidreat to
leave coated PET pellets which were then processed aemgentional melt
processing techniques. The authors observed improved dispersion for ionomer
treated clays compared to the nanocomposites containing udtcdays. From

XRD data peaks were observed in all cases but for the ionteaged clay
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nanocomposites the intensity of these peaks was reduced indicatrey

delaminated clay particles, which was confirmed by TEM.

lonomer

Organically-Modified
Montmorillonite Clay

Shear

Exfoliated Clay Platelets

Figure 1.9.3-4 Schematic representation of the intaction of ionic groups with the clay
platelets leading to improved clay dispersion (fronj141])

1.9.4 Summary of PET nanocomposites

Overall the literature pertaining to PET based nanocongsodliustrates the
difficulty in obtaining exfoliation of the clay due to pooorapatibility of the
PET/clay and the poor thermal stability of the commemmighnoclays available.
The synthesis of PET nanocomposites from solution and from un-sit
polymerisation indicates that slightly better dispersion isiobtadue to the lack
of thermal history in the solvent assisted process and due polrmerisation of
the polymer in the clay layers facilitating clay plated&tpersion in the case of
the in-situ technique. The melt mixing technique on the other hemdires
considerable processing of the polymer and clay at tenupesatwhere
degradation of the surfactant may occur. From the literatuise évident that

considerable research effort has been spent in an atteragtress this problem
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and it has been shown that improving the thermal stability gdrarclay often
results in improved clay dispersion. Despite these improvenhahesxfoliation
has not yet been achieved, most likely due to poor compatibilith thie
polymer. When the compatibility of the polymer and clay lmeeen directly
addressed again improvements in clay dispersion have diEmmved without
full exfoliation of the clay. Overall this indicates thdtet full potential of
PET/clay nanocomposites has yet to be realised.

When looking at the properties of the resultant nanocomposisesléar that the
presence of the clay has a nucleating effect and allovgsatirgation to occur at
higher temperatures when cooling from the melt and lower tetyes for cold
crystallisation. In addition it has been shown that propertieh ss tensile
modulus can also be significantly improved, further indicatirag the dispersion
of clay in PET can be of benefit. One of the more disaping aspects of the
literature available on PET nanocomposites is that vevyréports deal with gas
barrier properties. Of those that do, it is evident thah énesystems where the
dispersion of the clay platelets is not optimised improvemargas barrier can
be obtained and illustrates the attractive nature of PET nanostag

technology to packaging applications.

1.10Polymer Blending

Due to the comparatively advanced nature of polyamide/chased

nanotechnology and its potential to be used as a masterbatchTf@spécts of
the compatibility and potential for blending various polyamides WRET are

important to these studies. The following section outlines sdntheosalient

points regarding polymer blending of importance to this study.

The blending of polymers is a particularly useful technique #laws the

improvement of the bulk polymer properties by imparting some opttbperties

of the second. Blending is often the preferable method for obtainengesired
polymer properties rather than the synthesis of an entirelypodymer due to
the significant reduction in research and development cdséseare two types
of polymer blend, those that are miscible and those that anesaitble.
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Miscible polymer blends are those which do not separate duringsgiogeor
cooling to give a dispersed phase. This type of polymer blemaré and there
are few examples. One such example is blends of polyphenylede amd
polystyrene (sold under the trade name Noryl by GE polymershwvikia very
stable one phase blend. In contrast immiscible polymer blamdmach more
common place and commercially important. In such blends the smallene
fraction polymer phase separates and forms a dispersed phasedictable
morphology within the higher volume fraction polymer. To maintaie th
predictable morphology of the dispersed phase compatibilisatigensrally
required.

Compatibilisation of the two phase system is generally aetliby incorporating
block copolymers or graft polymers. These block copolymers (diblacics
triblocks) and graft polymers (multigraft and single grafgside at the
dispersed/bulk phase interphase (as depicted in Figure 1.10-1).

{

f

e
diblock N\

{

triblock

multigraft

singlegraft

Figure 1.10-1 Block copolymers used for compatibsation of the interface in polymer

blends
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The most common methods employed to produce the block copolymer
compatibilisers are the addition of pre-made block copolymedsltion of
reactive polymers, addition of low molecular weigh chemithtéd can act as
coupling agents for polymers and interchange reactions betwesative
polymer groups [143, 144].

Blends of PET with polyamides are immiscible, and generallylittie
importance commercially. Early work focused on the use dyapudes to
modify the impact properties and as nucleating agents forv#itdh enabled
increased rate of crystallisation and reduced spherulite[$#%. Due to the
well-characterised discolouration observed for PET/PA blerid][ these
materials have not been a commercial success. More recesdlarchers have
appreciated the possible improvements that can be made inagrier properties
by blending PET with polyamides of higher gas barrier. Th&kwbHu et al [14,
147] has demonstrated, for instance, that MXD6 polyamide can imgrevgas
barrier properties of PET considerably in blends. For these tfpesterials,
compatibilisation is not actively considered and generally sctuough end
group reaction to produce block copolymers and interchange madtat

produced branched block copolymer in-situ.

1.11 The permeation of gases in polymers

The permeation of gasses in polymers occurs due to the prafcegfusion,
which, in turn occurs due to natural processes that tend tal emi the
concentration of a species in a given environment. The diffusiefficient of

one material through another (D) is defined by Fick’s finst (Bquation 1.11-1).

Ic

F=D o

Equation 1.11-1 Fick’s first law describing diffusbn of one material through another

F is the weight of the diffusing material crossing a ureébaof the other material
per unit time (i.e. the flux), and the differential is toncentration gradient. This

permeation can also be simply described as a thrge ptacess involving the
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solution of small molecules (i.e. gas) into the polymerdofetd by diffusion
through the polymer (governed by the concentration gradient) aallyfiihe
emergence of the small particle on the outer surface (desgrgdn the basis of
this mechanism the permeation can be described in tefndiffusion and

solubility thus, when the solubility obeys Henry’s law (Equatfidii-2)

P =DS

Equation 1.11-2 Relationship between permeation, kility and diffusion

In the above equation P is the permeability, D is the ddfusind S is the
solubility coefficients thus solubility and diffusion are thepviding factors that
influence the rate of permeation in polymers. As the sigubf the permeant in
and its diffusion through the polymer matrix follow Henry's and Bidaws
respectively, the type and concentration of the permeanth@ncholecular state
of the polymer (i.e. above or below Tg) are important. Irstivgplest case where
the permeant is a fixed gas and the polymer is above thth@gassage of the
permeant through the polymer is proportional to the Fick’s diffustrstant, the
Henry’s solubility coefficient, and the pressure differedogded by the sheet
thickness. The permeability coefficient (i.e. the producthef Fick and Henry
numbers) measures relative permeation behaviour and enabiparesmon of the
permeability of different polymers. The permeation of a gasutiir a polymer is
dependant on the polymer, the permeant and the environment.

From the polymer point of view, given that permeation occurstoyeermeant
molecules passing through voids and gaps in the polymer, the oftdtes
polymer is the first factor of significance. For exampidbers exist as rubbery
amorphous materials above Tg at room temperature and as suchisthere
considerable free volume and chain mobility in these nadse@nd hence
considerable permeation. On the other hand glassy amorphoeisatsaguch as
polystyrene are below the Tg at room temperature hencevdieme and chain
mobility is less than in the rubbery amorphous phase thus tretseals exhibit
lower permeation. In the case of semi-crystalline polyntegee is considerably
more molecular order and the crystal lamellae can be coedides essentially

impermeable. For semi-crystalline polymers the level efgation is much
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reduced as the permeation can only occur in the amorphous refgigune (1.11-
1) of the polymer and the extent of the permeation is governeldeblevel of

crystallinity.

\\\\/—

ilas

\ 4
A B

Figure 1.11-1 Schematic showing the relatively urmvipeded permeation path through A,

rubber compared to that of B, semi-crystalline polyner.

In addition to the morphology of the polymer, structural featus a&lso
significantly influence the rate of permeation through a pelymsample.
Polymers exhibiting bulky pendant groups (e.g. polystyrene) tend ve ha
reduced barrier performance compared to materials with amolgmt groups
where the polymer chains are able to closely pack B&J.). In addition, the
tacticity of the polymer can also inhibit the extent of closekmg.

The permeation of gas through a material is also significarftuenced by the
nature of the penetrant as the rate of passage through theepadygoverned by
its solubility in the polymer and the size of the molecules ltriportant to note
that the interaction of polymer and penetrant is importarthese properties
could give rise to low permeability of one penetrant and higmeability of
another. One such example of this behaviour is highly polanmesky containing
hydroxyl groups such as poly(vinyl alcohol) (PVA) which has ercelbarrier
properties to gases but is a poor barrier to moisture vapour.

The final factor that can influence the permeability i® thnvironmental
conditions. Both temperature and humidity affect the permedtiotihe case of
polar polymers such as PVA gas barrier properties are signily affected by

humidity as PVA is plasticized by the moisture. In additiomais been observed
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that a 30 — 50% increase in the permeation can be exgectedery 5°C rise in

temperature.

1.11.1 Gas barrier properties of PET.

Due to it use as a packaging material the gas barrierpiespef PET have been
studied extensively over the years. Early works by Michaets Brixler [148]
has revealed that sorption and diffusion of gases in PET egalusively in the
amorphous phase hence orientation of polymer chains through stretshing i
advantageous to the gas barrier properties. In addition Mé&ckaal [149, 150]
also produced two papers examining the solution and diffusiorifefatit gases
in PET over a range of temperature and these are now egtaterised. More
recently McGonigle et al [151] have investigated the perntiigabf a number of
gases in biaxially orientated films and examined the depeerden free volume.
The authors found that overall the orientation and distribution ystallites
plays the dominant role in determining the gas permeation lmelavi PET.
Based on this the permeation of gases in PET is reducad imgreased tautness
of the chains through orientation coupled with alignment of tlystaitine

regions thus increasing the tortuosity of the diffusion pathaag][

1.11.2 Modelling of gas barrier properties in file  d polymers.

The gas barrier properties of PET are known to be dependantreasing the
permeation pathway through increased tortuosity thus a semalénespolymer
would be expected to have improved gas barrier compared am@arphous
rubber (as shown in Figure 1.11-1). In addition to crystallicting as
impermeable barriers to permeation, fillers can be tsedcrease the tortuous
pathway. It has been observed that the correct morphologyl@f dihd the
correct alignment of the filler in the finished article wilhfluence its
effectiveness as a gas barrier. The most effectibdito reduce permeation are
those with a high aspect ratio thus plate-like fillertiples have greater efficacy
in barrier improvement than rod shaped or spherical shéfgrd as depicted in
Figure 1.11.2-1).
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Due to the interest in improving and controlling the barpeoperties of

polymers several authors have attempted to model the pesm&athaviour of

filled polymers. The most well known models are those by Nield&3],
Cussler [154], Fredrickson-Bicerano [155] and Gusev [156] althougth mvork
has also been conducted by Barrer [157], Bharadwaj [158], Xu [@5@]Lu
[160].

A B C

Figure 1.11.2-1 Schematic illustration of the effacof particle shape (A — spheres, B — rods

and C — discs) on the diffusion pathway of a permes through a filled polymer.

The Nielson model [153] is based on the argument of incraasemsity and
simply describes the permeability of gas in filled polymelgere the particles
(clay) are fully exfoliated and uniformly dispersed in the gmefd orientation
(i.e. parallel to the film surface. A detour pathway wasstcalculated as per
Figure 1.11.2-2. The development of this tortuous pathway ythalbowed

Nielsen to develop the model shown as Equation 1.11.2-1.

PIP, = (1 - (1" x/2)

Equation 1.11.2-1 Neilsens model of permeation iilléd systems

In this formula P/Ris the permeability coefficient (filled/unfilled systgni is
the platelet volume fraction and x is the product of aspect sauil the volume

fraction.
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Figure 1.11.2-2 tortuous pathway proposed by Nielsg153]

Later, Cussler observed that the Neilsen model was two-diorel in nature
and developed his own expression for permeability in a three-dioren
disordered system typical of the nanocomposites situationaltersative model
is presented in Equation 1.11.2-2.

P/P, = 1/(1" nk2)

Equation 1.11.2-2 Cusslers 3D model for permeatian filled systems

In this expression the geometric factois %[8 In(a/2)f where a is the platelet
aspect ratio. The models of Neilsen and Cussler have Wwaimly used to
describe the permeation of gasses in nanocomposites but amhdepra

gualitative description due to their over simplification gmaely geometric

nature.

P/IPy=[1/(2" aycx) " 1/(27 a,cx)]2

Equation 1.11.2-3 Fredrickson-Bicerano model for peneation in filled systems
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Fredrickson further developed and extended these models by examining the
disorder and polydispersity aspects and produced Equation 1.11.2-3 which i
valid over a much greater concentration. Hare &-2"%/4, & = (22Y%)/4 and

= ?In(a/2).

Finally Gusev has employed finite element analysis for #migd of barrier

properties for nanocomposites and developed equation 1.11.2-4.
P/P, = exp[-(x/%)°]
Equation 1.11.2-4 Gusev model for permeation in fiéd systems

In the Gusev formulation = 0.71 and x= 3.47. The models described will be
used in the analysis of results in order to better unaetstee behaviour of the
nanocomposites produced in this study. In addition, by examining a number of
different models an indication as to how well the permealiehaviour is

described by each of the models could be obtained.

1.11.3 Summary of the literature review

The literature review reveals that the area of clay/pelymanocomposites has
been extensively researched since the early 1990’s. Polyamadesenjoyed
significant focus, especially PA6 where highly exfoliated nangmosites have
been reduced. It is evident that other polyamides sucheagatftially aromatic
MXD6, G21 and T5000 have received significantly less attenfibase studies
will provide improved understanding of the effects of polyansttecture and
the resultant compatibility of the organoclay on nanocompositeat@mm and
resultant nanostructure. Improvements in gas barrier of PE&inedt by
blending polyamides with PET are well researched in the ME&xe but much
less so for the other materials and hence new knowledgleeopermeation of
PET/PA blends will be obtained.

Nanocomposites produced form PET and clay have also been inwbtinat
many authors but it is apparent that the proportion of work conductetindeta
gas barrier properties is comparatively small. This study menchmark the

performance of many commercially available organoclays &wdaaganoclays
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synthesised in our laboratory in terms of gas barrieropadnce. In addition,
further understanding of the effects of clay polymer compatitaind the effect
of organoclay thermal stability will be obtained. Novel nellers that are
previously un-reported in the literature were also studied emphkw areas of
research to be explored and further improving the current uaddisgy of the

gas barrier properties of PET.

76



2 Materials and experimental methods

2.1 Materials studied

The following section details the materials used in thisystadthe fabrication
of polymer nanocomposites. In addition methods of processing and

characterisation will be discussed with suitable backgroundenieguired.

2.1.1 Polymers applied to nanocomposite formation

PET used throughout this study was Eastman 9221W carbonated sofjreidiek
PET. This grade of PET is a copolymer PET with approximatelyl%m
cyclohexane dimethanol (CHDM) co-monomer added to reduce tkeofat
crystallisation. The material has an intrinsic viscosityd.79dl/g measured in a
mixture of 60:40 dichloromethane/phenol solvent. Detailed techd@& on
properties of films and injection-moulded samples is containetie product
data sheet [161].

In this study, PA6 materials of differing viscosity (i.e. swilar weight) were
obtained from several different suppliers. In Table 2.1.1-lesoithe important
properties of these materials are summarised. From theimatse table it
appears that the main difference in properties is the vigc@ise. molecular
weight) and that this does not significantly affect the ofreperties of the
polymer.

MXD6 polyamide used in this study was obtained from Mitsubishi@esnical
Company Inc. MXD6 is available in three different moleculaight/viscosity
grades, MX6001, MX6007 and MX6012. MX6007 is generally used for
packaging products and is used in these experiments andn®defo simply as
MXD6 throughout. Detailed polymer properties are availableha literature
[162].

Grivory G21 is described as a high viscosity amorphous co-polgasuitiable
for many applications, and in particular blow moulding and film iappbns.

Full details of properties can be found in the relevant teahliterature [18].
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T5000 polyamide was supplied by Degussa and is characteris&xl ggrmeant
transparency and high chemical resistance. In addition, alits @amorphous
nature it has low shrinkage and warpage. Detailed mater@epres are

available in the product brochure [19].

Table 2.1.1-1 Properties of PA6 polymers studied

Supplier DSM BASF DSM EMS
Grivory

Grade F223D UB3 F136C F50
Application Injection | Injection | Extrusion | Extrusion

moulding | moulding | (film) (various)
Density (kg/m) 1130 1130 1130 1183
Water absorption | 10 9.5 9.5
(saturation %) 3 3 2.5

(50%
RH %)
Tensile (ISO 527)dry/cond)
Modulus (MPa) 3300/ - 3000/1000| -/ - 2900/750
Strength @ yield (MPa) 85/ - 85/45 -/- 80/40
Elongation @ yield (%) 4/ - -/- -/ - 4/15
Charpy Impact (notched)
23°C dry (kJ/rf) 11 5.5 - 6
23°C conditioned (kJ/fn - 60 - no break
Melting Temperature (°C) 220 220 220 222
HDT 1.8MPa (°C) 60 65 - 55
0.4MPa (°C) 180 - - 130

Zero shear viscosity Pas) 240 360 2500 5300

2.1.2 Montmorillonites

Organoclay grades from Southern Clays, Nanocor, Sud Chemi&lamentis

were investigated thus covering a wide range of clay sousoes organic
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modifications. A summary table of the grades, supplier and argaodification

(where known) are presented in Table 2.1.2-1.

Table 2.1.2-1 Summary of clay grades and chemicaladification

Supplier Grade Surfactant Structure
Southern Clays| Na Unmodified Sodium counter ion
Southern Clays| C10A dimethyl, benzyl
. HT
dihydrogenated |
tallow CHKNJ,/ CH,
CH,
Southern Clays| C15A dimethyl, H|T
dihydrogenated CH . CH
tallow 3\ITI/ 3
HT
Southern Clays| C30B methyl, tallow, T

bis-hydroxyethyl

HOCHchz\’Lar/CHZCHZOH

CH,
Southern Clays| C93A methyl, HT
dihydrogenated | CH,___ ,L . N
tallow ‘
HT
Nanocor G105 Unmodified Sodium counter ion
Nanocor 128 Not known
Aliphatic quarternary ammonium
Sud Chemie N106 Unmodified Sodium counterion
Sud Chemie N2 dimethyl, benzyl
dodecyl CH, /@
CllH23 |
CH
N+/ 2
C H,
Sud Chemie N3010| dimethyl, benzyl
stearyl CH, Q
C,.H
e | _en
CH,
Elementis HC Unmodified
Elementis B2010 Not Known

* HT — hydrogenated tallow (65% C18, 30% C16 amdG%4)
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From Table 2.1.2-1 it can be seen that Cloisite clays geoaibroad range of
clay materials from highly hydrophilic (CRlato highly hydrophobic (C15A). In
addition it can be seen from the structure of the surfactiduas there are
significant differences in terms of the number of alkyliohde.g. 1 for C10A
and C30B and 2 for C15A and C93A) and the additional substitute gfewps
benzyl for C10A and hydroxyethyl for C30B). For the Nanocor clays the

Elementis clays the unmodified clay is supplied and also aanoalpy with

unspecified surfactant. In the case of Sud Chemie claysahatay is supplied in
addition to N2 and N3010 which both have benzyl group with differikgl al
chain length. These clays were chosen due to their differimdjfication and

general availability.

2.1.3 Nano-silica flakes

In addition to the multi-layered structured clay, singlger nano-silica flakes
were applied to this study. The materials used in this studg wevided by
GlassFlake Ltd. The flakes are manufactured from corrosisistaet C-glass

and samples were provided with thickness of 200nm and 350nm.

Table 2.1.3 — 1 Summarised technical data for nansitica flakes

Grade Code| Composition Particle size Density | L/D
(glcm?)

GF100nm | S1 SiQ 64-70%; AbOs 3-| > 1000 m 0% 2.60 1750
100nm 6%; CaO 3-7%; MgO 1-1000-300m
thickness 4%; B,Os 2-5%; NaO | <10%

12-13%; KO 0-3%, 300-50 m >65%

TiO, 0-3%; ZnO 1-5% | <50 m <25%
GF350nm | S3 SiQ 64-70%; AbOs; 3-| > 1000 m 0% 2.60 500
350nm 6%; CaO 3-7%; MgO 1-1000-300 m
thickness 4%:; BOs; 2-5%; NaO | <10%

12-13%; KO 0-3%, 300-50 m >65%

TiO, 0-3%; ZnO 1-5% | <50 m <25%
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Full details of these materials are given in Table 211.Bspect ratio i.e. L/D,
due to the variable particle size of the material is edéchas the mid point of

the 50 m - 300 m range (i.e. 175m) as this makes up the bulk of the sample.

2.1.4 Divalent metal layered phosphonates

The divalent metal phosphonates synthesized for this study were @dodsiaog
readily available raw materials. Starting materialsemebtained directly from
Sigma Aldrich and were used without any further modificatiore Tiaterials

used were:

Zinc acetate tetrahydrate
Calcium acetate monohydrate
Calcium nitrate tetrahydrate
Magnesium acetate tetrahydrate
Phosphorous acid

Phenylphosphonic acid.

2.2 Experimental methods

In this section, relevant methods detailing materials préparand processing
are discussed. In addition the characterisation techniquesdpplietheoretical

background (where applicable) is discussed.

2.2.1 Determination of Hansen Solubility parameters

Hansen solubility parameters were developed by Charles HamsEI66 as a
method of predicting the solubility of solvent mixtures. Thehwod is additive
and breaks down the total Hildebrand solubility parameter intbspersive
component, a polar component and a hydrogen bonding component. The three
component nature of the model allows the components to bemileter as

fractions and plotted in triangular axis graphs (TEAS plots) algw

81



visualisation of the potential compatibility of different texdals. Detailed theory

and methods are readily available in the literature [163].

2.2.2 Preparation of organoclays

The surface modification of MMT is extensively explored ire titerature
(chapter 2.2.1) as is the significance of processing paeasnelhe following
sections detail the specific methods utilised in the syrstledsthe organoclays

used in this study.

2.2.2.1 Modification of Cloisite Na" with PVP
To modify Cloisite Na (CEC 92meq/100g), 20g of the pristine clay powder was

mixed with 500ml of deionised water in a large beaker for loo@ while the
temperature was raised to 50°C. A further solution of 50wt% (B&) with

deionised water was also mixed for one hour while raisingehgpérature to
50°C. After one hour the two mixtures were combined and theetatupe was
raised to 90°C with stirring for approximately three hourgerAmixing a large
proportion of the water was removed and a thick paste likerraatemained.
The resultant clay/PVP organoclay mixture was poured ontol@liadimum trays

and the moisture was allowed to evaporate for a periodmfweeks. The dry
clay was ground using a mortar and pestle and further dried for 24bnder

vacuum.

2.2.2.2 Modification of Cloisite Na™ with cetyl pyridinium (Br/Cl)
Cloisite Nd (CEC 92meq/100g) was modified with both cetyl pyridinium

bromide and cetyl pyridinium chloride at one and a half timesSCE€ of the
clay to ensure good coverage of the clay interlayer. The guoeaised was to
disperse 40g of the Cloisite Nan 1l deionised water for one hour while
increasing the temperature to 50°C. Meanwhile the reqqguedtities of cetyl
pyridinium chloride and cetyl pyridinium bromide were calculasdollows and

dispersed in 500ml deionised water.
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Cation exchange capacity (CEC) Cloisite'Ne92meqg/100g
1.5 X CEC = 138meq/100g

RMM CPBr 384.44 therefore 1meq = 0.3849g

RMM CPCI 339.986 therefore 1meq = 0.340g

Therefore

52.992g CPBr/100g clay = 21.1979g/40g clay @ 1.5 X CEC
46.920g CPCI/100g clay = 18.768g/40g clay @ 1.5 X CEC

After one hour the two mixtures were combined and the mixta® stirred for
24hrs at 50°C. After 24hrs the solid was separated by ceetidiud) washed with
50/50 mixture of deionised water/ethanol. The centrifuge procedureasidng
procedure was repeated three times. The final wet ciéeydsied for 24hours at
90°C under vacuum to remove the excess water after which dteriah was
ground using a mortar and pestle and then further dried for 24B88@tunder

vacuum.

2.2.2.3 Modification of Cloisite 30B with epoxy

Cloisite 30B was modified with epoxy using a method similahsd tlescribed
by Lai and Kim [135]. Initially 30g of Cloisite 30B was dispatsm 1l of
deionised water to which 100ml of ethanol was added. The clay/etianol
mixture was stirred for one hour and the temperature raised °©. Sthe
diepoxide diglycidyl ether of bisphenol A (15g) was added to 150mkcefone
and the mixture was also stirred for 1hr while raising theptrature to 50°C.
After one hour the two mixtures were combined and mixed furthigitew
increasing the temperature to 80°C. Once a significatibpoof the liquid had
been evaporated (4hrs) the remaining slurry was poured inttumimam tray

and dried in a vacuum oven at 100°C for 24 hours.
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2.2.3 Preparation of divalent metal layered phospho  nates

All the DMLP’s were prepared using the methods describeBuly [61] hence

only brief experimental details are included.

Zinc (phosphite-co-phenylphosphonate) (ZPcP) was made by the reafction
acetate tetrahydrate (0.2M) with phosphorous acid (0.1M) and phengtpimos

acid (0.1M). In practice 43.8g zinc acetate tetrahydrate adaled to 200ml of

hot (70°C) deionised water and stirred for ten minutes. Selyar@t2g
phosphorous acid and 15.8g phenylphosphonic acid were added to 200ml of hot
(70°C) water and stirred for 10minutes. The zinc acetate@olwias then added
drop wise to the phosphorous acid/phenylphosphonic acid solution and the
resultant mixture stirred for two hours at 75°C. A white mmiéatie was removed

by filtration and washed three times with deionised wathe ZPcP was then
dried for 24hrs at 80°C under vacuum. 27.49¢g of product was recovered.

The synthesis of calcium (phosphate-co-phenylphosphonate) (CPcP) was
achieved through the reaction of calcium acetate monohydrate (0.&iM)
phosphorous acid (0.08M) and phenylphosphonic acid (0.12M). Experimentally
40g of calcium acetate monohydrate was stirred into 300ml of idetbmvater.

Into a separate container 19g of phosphorous acid, 6.6g phenyl phosphonic acid
and 300ml of deionised water were stirred. The two mixtuer® wombined by
adding the calcium solution drop wise and the temperaturedr&os@5°C The
mixture was maintained at 75°C for two hours with stirriipe resultant
precipitate was then filtered, washed and dried as ibescifor ZPcP. After
drying 19.85¢g of the CPcP was recovered.

For the synthesis of calcium bis phenylphosphonate (CP) calciumenitra
tetrahydrate (0.125M) was reacted with phenylphosphonic acid (0.125M)
practice 29.5g of calcium nitrate tetrahydrate and 39.5g pbleosphonic acid
were each dissolved separately in 125ml each of hot (70%@)iskd water. The
calcium solution was added drop wise and the resultant mixtusemieed for

six hours at 80°C. The resultant filtrate was recovered astiedlaand dried as

per the previous examples. In total 289 of the product was recovere

The synthesis of the final DMLP, magnesium (phosphite-co-phenyjpboate)
MPcP was conducted by reacting magnesium acetate tetrahy@i2it4) with

phosphorous acid (0.1M) and phenylphosphonic acid (0.1M). A solution&y 42.
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magnesium acetate tetrahydrate in 250ml hot (70°C) deionised was$ added
drop wise to a solution of phosphorous acid (8.2g)/phenylphosphonic acid
(15.89g) also in 250ml hot deionised water. The resultant mixtaseheated for
two hours with stirring under reflux after which the usuatdtibn, washing and

drying procedures were applied. After drying 28g of the productewsered.

2.2.4 Melt processing of nanocomposites

Melt processing of the nanocomposites was conducted on a 16mmaoBpeism
intermeshing co-rotating twin-screw extruder capable of extrudingpth 40/1
and 24/1 L/D ratio. Figure 2.2.4-1 shows the screw profiléudieg mixing

sections and a photograph of the equipment.

Feeding at L/D 24/1 Feeding at L/D 40/1

xr GHIEET
o

DIE ZONE §
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ol

Figure 2.2.4-1 Screw profile for Prism 16mm twin-sew extruder

All experiments within this study were conducted on 24/1 L/Dorsimilar to
previous authors as it was felt that 40/1 L/D would induce unssecg
degradation of polymer and clay especially considering igb processing
temperatures required for many of the polymers used in thdy.sPrior to

extrusion all the polymers were dried under vacuum for theopppte time
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under the appropriate temperature as indicated. In additionllre fvere also
dried. Details of the drying procedures are set out in TaBld-2.

Due to the differences in the materials processing condivens altered to suit
the parameters of the particular polymer. The conditions engbléye each
polymer for direct formation of nanocomposites are shown in Tablé-2.

In addition to the polymer/filler nanocomposites produced a numbbétends

were also made. These blends were made with MXD6 and Fanegion in

polymer ratios, different filler loadings and with and withmattalyst. These
further materials and the processing conditions are shown ie 2&hi-3.

The main parameter where adjustment was required was tymeyoleed rate.
This was adjusted to allow extrudate with sufficient ditgbior stranding and

pelletising to be carried out.

Table 2.2.4-1 drying conditions for materials priorto extrusion

Code Description Drying Drying time
temperature (°C) | (hrs)
F223D PA6 80 12
UB3 PA6 80 12
F136C PA6 80 12
F50 PAG6 80 12
MXD6 Barrier Nylon 100 12
G21 Barrier Nylon 100 12
T5000 Engineering Nylon 100 12
PET CSD grade 160 8
Montmorillonite Raw/organoclays 100 12
GF Nano-silica 160 8
DMLP Phosphonates 80 24
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Table 2.2.4-2 Processing conditions for Polymer/fédr nanocomposites

Polymer | Filler Wt% | Barrel Screw | Feed Extruder
Filler | temperature | speed | rate Torque
0 (rpm) | (%) (%)

PAG6 Clay 5 230 350 15 50-60

MXD6 Clay 5 250 200 15 30-40

G21 Clay 5 250 200 15 60-75

T5000 Clay 5 270 200 20 50-70

PET Clay 5 270 200 15 45-75

PET Nano- |1 270 300 15 45-90
silica 2 270 300 15 60-70

PET DMLP | 25 270 200 10-15| 60-70

PET DMLP |25 270 200 18 50-90
ext 2

Table 2.2.4-3 Composition and processing conditiorier PET blends

MXD6 Clay Catalyst | Barrel Screw Feed Extruder

wt% (Wt%) (Wt%) temp speed rate torque

°C) (rpm) (%) (%)

5 - - 270 200 15 40-60

5 0.5 - 270 200 20 50-65

5 0.5 0.2 270 200 25 60-80

5 - - 270 200 20 60-80

- 0.5 - 270 200 25 60-70

5 - 0.2 270 200 20 60-80

- 0.5 - 270 200 25 60-70

20 2 - 270 200 15 35-50

20 2 0.5 270 200 15 35-45

20 - - 270 200 15 40-60

- 2 - 270 200 20 40-50
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MXD6 Clay Catalyst | Barrel Screw Feed Extruder

wt% (Wt%) (Wt%) temp speed rate torque
°C) (rpm) (%) (%)

20 - 0.2 270 200 15 40-60

- 2 - 270 200 20 40-50

20* - - 270 200 20 55-75

20* - 0.2 270 200 20 55-75

*MXD6 has been previously blended with 10wt% C93#anoclay.

2.2.5 Characterisation techniques

A wide range of characterisation techniques were employeavéstigate the
properties of nanofillers and the polymer/filler nanocompositestioMs
microscopy techniques were employed to examine the morphologg difléins
in conjunction with XRD experiments whilst TGA was utilisedinvestigate the
thermal stability and degradation of the fillers. For the pelyfiller
nanocomposites XRD and microscopic techniques were again employed to
investigate the dispersion of the nanocomposites. DSC waedtiéxtensively
to investigate the effect of nano-fillers on the crystatis behaviour of the
nanocomposites. The final major technique employed was the deéon of
CO:; loss from bottles. Other techniques such as melt capillegmetry were
employed for rheological assessment as required. All the nmethragloyed are

described in the following sections.

2.2.5.1 X-Ray Crystallography (XRD)

X-ray scattering techniques are a powerful tool for investigatcrystal
structures and other long range morphological characteristicgioy materials.
Theoretical aspects of XRD are adequately discussed by mahgrs [164]
hence only a brief description of the technique is includedmplsi illustration

of XRD set up is shown in Figure 2.2.5.1-1.
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Figure 2.2.5.1-1 lllustration of XRD set up

In general the x-rays are fired from the source onto the saamgl the diffracted
x-rays are collected in the detector. This data is medsamd intensity peaks at
particular diffraction angles can be used to ascertamrrimdtion on particular
spacial arrangements within a material sample. For polymeocomposites
XRD has proved particularly useful for the determinatiomtériayer spacing in

clays and resultant nanocomposites via Bragg's equation (Equaiémn21)

n =2dsin

Equation 2.2.5.1-1 Braggs equation for calculatioof distance between adjacent clay layers
The term n represents an integers the wavelength of the incident x-ray beam
and d is the variable distance between atomic layergipstal (or between clay
layers).

In addition to the interlayer spacing of materials, XRD @so be used to

elucidate details on the crystal domain size using Scherfggpiation (Equation
2.2.5.1-2) [164]

Crystallite size = K/IFWcos

Equation 2.2.5.1-2 Scherrer’s equation for calculan of crystal size
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In the equation K is the crystal shape factor (usually Etv@e85 and 0.99), is
the wavelength, FW is the peak width at half height and isothe Bragg angle.
Using this equation the crystallite domain size for a ifipepeak can be
determined giving a size for a preferred crystal axisorier to gain a more
general idea of crystallite domain size it is commonnayse multiple peaks. It
is important to note that the crystallite size is the sizeepeating crystalline
units and therefore does not represent the particle size ofategiah hence this
method has not been employed in these studies as good approxinwitions
particle size have been obtained through microscopy anatlitersources.

In addition to information that can be obtained from Bragg's adlaei®er’s
equations, much can also be learned from the XRD tracesséhees. For
instance when XRD scans of clay and resultant nanocompositerapared and
there is no significant change in the diffraction anglentansity (Figure 2.2.5.1-
2) it can be surmised that the clay has not been dispersied clay and exists as
a micro dispersion in the polymer matrix. In contrast when clay has been
intercalated by the polymer without significant reduction m plrticle size (i.e.
reduction of the number of clay layers per clay particleXBD trace similar to
that observed in Figure 2.2.5.1-3 would be expected. In #ssg, cthe peak
position has shifted indicating a change in the clay interlalystance but the

intensity of peak is not significantly reduced.

intensity

Micro-dispersion

Figure 2.2.5.1-2 Schematic representation of clayiano-dispersion in a polymer matrix

9C



Intercalated Nanocomposite

i .

e
e,
0
ey
.
.....
........
..................................................................

Figure 2.2.5.1-3 Schematic of polymer intercalateday

The final type of commonly seen XRD diffraction pattern is ol for an
exfoliated composite and is generally a trace without any @édkent in the low
two theta angle region (Figure 2.2.5.1-4). In this casegenerally accepted that
the absence of a diffraction peak indicates delaminatiaheotlay layers and
that the clay is highly dispersed in the polymer matrix.

One final common feature of XRD spectra that is often olsers that of
differences in the number of orders of a reflection that @yserved (Figure
2.2.5.1-5). In this case, a large number of (00) reflectmagpresent indicating a
highly regular and repeatable layered structure is prelsecbntrast where only
a (001) reflection is observed the layered structure may be dnupted.
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Figure 2.2.5.1-4 Schematic of exfoliated polymeray nanocomposite

In addition to the quite well defined XRD spectra that arelinganterpreted

other types of spectra are also common such as that shdugune 2.2.5.1-6

A

001

002

High number of orders detected

intensity

Figure 2.2.5.1-5 Schematic comparing high number ¢D0) orders
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Potentially numerous
peaks indicating various
interlayer spacing

Peak broadening

20

Figure 2.2.5.1-6 Schematic of peak broadening andtensity reduction

Here the peak position has remained constant but the pdék iisignificantly
increased. In addition to the broadening of the peak the itytémglso reduced.
In a case such as this several features of the nanocoenpusiphology could be
responsible. For instance the reduction of peak intensity coutthédo a low
concentration of species, possibly due to a chopping down of the nofmtiay
layers in each clay particle. A second explanation couldhbtthe peak has
broadened due to a variable spacing of the interlayer e¢.thle broad peak
hides many small peaks hence the low intensity and large widtie peak or
the size of the crystal domains is small.

A second example of scans with difficult to interpret shiapghown in Figure
2.2.5.1-7. Here there is a gradual increase in the ingenghout the resolution
of a clear peak. Overall this type of XRD response maynteative of the
presence of some structures with regular structure ovargerl distance or,
similar to the previous case a number of different speciessivhilar spacings.
Overall, the scan types illustrated in Figures 2.2.5ahd 2.2.5.1-7 indicate that
care needs to be taken when analysing XRD data as sagmiffeatures of

structure may be hidden and not readily apparent.
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Gradual increase in intensity

2 o
Figure 2.2.5.1-7 Schematic of intensity increase thibut defined peak

In these experiments 2 diffractometers were used. Thel ipdigamide samples
were all tested using a Philips X-ray diffractometer teeBOmA current and
40kV voltage with 1°/min scanning rate at 0.02° per stepor@im was used as
the radiation source and has wavelength,0.229nm to allow the determination
of higher interlayer distances than with Cu X-ray sourceguipment limited to
a minimum two theta angle of 3°. All experiments were comdlcn plate
shaped samples of dimension 30mm x 30mm x 3mm which had previmesty
produced using a manual injection moulding machine. Samples ys, clavel
blends and PET nanocomposites were tested on a Pananaped|Pro x-ray
diffractometer set to 35mA current, 45kV voltage with a sstep size of 0.008
and a time per step of 30.48 seconds. Copper x-ray source waswillsed
wavelength, = 0.154nm as this equipment allowed a minimum angle of 1° to be

scanned.

2.2.5.2 Microscopic techniques

2.2.5.2.1Polarised light optical microscopy (POM)

Optical microscopy was used to investigate the dispersionyirckle polymer
matrices on a micro-scale. All optical microscopy was condumtea Zeiss Axio

Image M1m microscope equipped with filters for crossed pothrigt and
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integrated software and camera. The microscope wasettac a computer with
incorporated software for image analysis and scaling. Athefsamples were

prepared simply by cutting sections from blown bottle walls.

2.2.5.2.2Scanning electron microscopy (SEM)

Scanning electron microscopy was utilised to provide highelutesoimages of
micro-structure where required. Scanning electron microscopyoevaiicted on
a Jeol JSM-840A scanning electron microscope with 8xdréips probe current

and 10kV accelerator voltage.

2.2.5.3 Differential scanning calorimetery (DSC)

DSC was the principle method used in these studies to ea&artiie
crystallisation behaviour of hanocomposites compared to theintppodymer.
Briefly DSC entails the measurement of the change ofdaacity in a sample
compared to that of a reference sample and allows tleentieation of thermal
transitions such as Tg, Tc ang.TA simple schematic of DSC apparatus is
shown in Figure 2.2.5.3-1 while detailed theoretical informatégarding DSC

is readily available in the literature [165].

REFEREMCE PAN SAMPLE PAN

pans Fl_l B __I. —L[ |J"
&1 —

— sample
il
reference | 2 ,_..--""'#f
matanal ""*-—--_ - FLresislantea
thermometer

B

haatars

Figure 2.2.5.3-1 Schematic showing DSC equipment
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In addition to pinpointing thermal transitions the data provide®®¢ can also

be used to calculate the crystallinity of a sample usingtegqu2.2.5.3-1 [165].

Equation 2.2.5.3-1 Calculation of crystalline contet from DSC

In the equation is the percentage crystallinityHn and Hcare the respective
enthalpies of melting and crystallisation and, is the enthalpy of melting for
a one hundred percent crystalline sample of the polymer (obt&iosd the
literature).

Tests were conducted using a heat cool heat cycle wherebyialnhieating scan
is conducted to give information on the effect of processinghenntaterials
followed by a hold period to ensure all previous thermal historgneoved from
the sample. Next a controlled cooling stage is employed to eaadmparative
study of crystallisation when cooling from the melt. Thalffistage of the DSC
experiment is the second heat where the melting behaviole ofiaterial can be
studied. The DSC analysis was conducted over a suitable &omgerange for
the polymer under investigation (e.g. PA6 50°C — 250°C, PET 309°C) with
a heating and cooling rate of 10°C/minute and 3minutes holdestd heating
or cooling procedure.

The equipment used in these studies was a Perkin Elmer D$f€erdial
scanning calorimeter. The calorimeter was calibrated usligm as a standard
with a heating rate of 10°C/minute. It is acknowledged tI&€ Bxperiments for
polyamides were conducted at a higher heating rate (20°C/mandealso that
no allowance was made for the cooling hence there is likebeta slight offset
in the results. Nevertheless it was decided thastight offset could be tolerated
in view of the fact that it would not affect the conclusions tad there were a

large number of samples to test.
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2.2.5.4 Thermo gravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is commonly used techniged ts analyse
the changes in weight of materials over a range of teatpes. As per other
characterisation techniques employed the theoretical aspettGA are well
discussed in the literature [166] therefore only a brief desmmipbf the
technique and the relevant experimental details are included.

The TGA analyser consists of high precision balance withhpstrcan be loaded
with sample. The pan and sample are placed in a sméatieddly heated furnace
fitted with a thermocouple and the temperature is is@@an a controlled
manner as per individual testing requirements. A computer is tosptbt the
resulting weight loss against temperature curve. The furisagerged with the
required gas (usually air or nitrogen). A simple schematia tyfpical TGA set

up is shown in Figure 2.2.5.4 - 1.

Balance

=AMPLE

High Temperature
Fumace

Purge zas
(oxidizing or inert)

Figure 2.2.5.4 — 1 Schematic diagram of typical TGAet up

TGA experiments in this study were carried out on a Perkin iEHiyes 1 TGA.
Tests were carried out in both air and nitrogen atmosphereswiating rate of
20°C per minute over a temperature range of 50°C to 800°C. Herkier
software was used to calculate derivative curves to erthbl determination of

peak weight loss temperatures.
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2.2.5.5 Melt rheology

Capillary rheometer measurements on PA6 samples weredcaati®n Malvern
capillary rheometer at 230°C (i.e. the same temperatureanecomposite
processing). The tests where carried out over a sheamarage of 505 to 30005
! The PA6 samples were dried overnight in a vacuum oven pritiretanelt

rheology measurements.

2.2.5.6 Fabrication of plagues for PET/PA compatibility
evaluation

Plagues were produced by moulding PET with 5wt% of the relevant palgam
using a BOY 30M injection moulding machine. The machine wigdfiwith a
plaque mould of 60mm x 40mm x 2.5mm and samples were produced using
standard processing parameters for PET moulding retaineteircamputer

memory of the machine.

2.2.6 Measurement of CO , loss

For the purpose of this study, €@oss measurements were conducted on
finished product (i.e bottles) rather than film in order tthet materials under
investigation could be assessed under processing conditions as tolos
application as possible. The following sections outline the experaindatails

for the production and testing of bottles for £fgress.

2.2.6.1 Fabrication of test samples

The production of bottles for Gegress testing was carried out by a two-stage
process consisting of firstly injection moulding of bottle prefs followed
secondly by stretch blow moulding of bottle preforms into bottles.

Injection moulding of bottle preforms was carried out on a Husk$X60
injection moulding machine fitted with a hot runner systemtammdcavity, 35g,

1l preform tool. The machine was used under standard operating i@esdit

established for the production of preforms using this toolingr Foi moulding
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all materials required pre-drying. Pristine PET used ia #tidy was dried at
160°C for at least 4hrs prior to use using Con Air drying equipment.
Nanocomposite masterbatches and compound materials were dried in
convection oven at 160°C for at least 12hrs prior to injection aivaul Prior to
injection moulding nanocomposites and pristine materials werblengled in
the dry state using 5| buckets with sealable lids. The proporibrmesterbatch
and pristine PET were modified in order to give finalyalgeight of 0.75% in the
composite. This figure was calculated on the inorganic conterddjngtment of
the nanocomposite masterbatch loading was made based onféwtastrevel

in the clay as determined from TGA. Nano silica flakadings were pre-
determined from the extrusion process while loadings of DMLP vieed at
1500ppm (i.e. 0.15wt%). In the case of blends the dry pre-blendinmixtas
formulated so that a final bottle composition of 94.5% PET, 5%®Bland 0.5%
organoclay was obtained.

Injection stretch blow moulding of the preforms to produce bottles caaried
out without further treatment of the preforms. The preforms veéren into
bottles on a Sidel SB-01 electronic stretch blow moulding madhted with a
petaloid base 1l carbonated sort drink bottle mould. The machere avere set
to a standard profile for blowing this design of bottles whike dutput of the
ovens was adjusted in order to give a preform temperatur@28€*/- 3°C prior

to blowing. The machine was set to run at 1200 bottles per hour.

2.2.6.2 Permeation testing

The CQ loss measurements were conducted on the bottles using a siengie w
loss method. In this method the bottles were filled withauiately weighed (to
four decimal places) quantity of dry ice (approximately 7id)e bottles were
then sealed with bottle caps containing an ethylene vinyl aldmraer insert.
The bottles were then weighed periodically using a four-plale@bain order to
determine the weight loss of G&om the package over time. All bottles were
stored under ambient conditions hence a control was required foresaskt.

The results are expressed as the barrier improvement falctch is the ratio of
the CQ egress rate of a control bottle compared to that of theebaottle under

investigation.
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3 Characterisation of clays

The clays used in this study were characterised foptingose of investigating
the effects of organoclay/polymer compatibility on nanocompositediom In
addition TGA analysis enabled the effect of organoclay thestadility on the
nanocomposite formation to be investigated.

3.1 Morphological characterisation of clays

3.1.1 Micro—morphology from SEM

The micro—morphology of the clays can be investigated using ®Eow the
particle size of agglomerates and their shape and giveaina of any other
features of note. In each case the parent unmodified claxamined (i.e.
Cloisite N&, Nanomer G105, Nanofill 106 and Bentone HC). In Figure 3.1.1-1

low magnification SEM micrographs of each of the raw claygs shown for

comparison.

Figure 3.1.1-1 Low magnification (100m scale bar) SEM images of (A) CN3 (B) G105,
(C) N106 and (D) Bentone HC raw clays
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From the SEM micrographs it is evident that Cléamore angular in nature than
the other clays and consists of very loose agglomeration wélparin the region

of 10-20 m in size. In the case of the other clays the pagiblve a much more
rounded shape and appear more loosely agglomerated. The Nanomemnas105
most particles in the range of @ with some small agglomerations up to 80

while the N6 has a generally more even particle sizabofut 10m. The final

clay, Bentone HC has a more loosely agglomerated strudtimeécaCN4& but
with the more rounded particles similar to G105 and N106. gurEi 3.1.1-2

SEM images with higher resolution are shown.

Figure 3.1.1-2 Medium magnification (30m scale bar) SEM images of (A) CN3 (B) G105,
(C) N106 and (D) Bentone HC raw clays

From the higher magnification SEM micrographs the agglomesdtadture of
the clays particles is more clearly evident. In additiazai be observed that the
CNa' is much more angular and irregular in shape and size cethmthe other

clays.
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3.1.2 Nano — morphology from XRD

The nano-morphology of the raw and organoclays was studied using XRD a
described previously. The main purpose of these investigatiaago determine
the original (001) basal spacing. This allows a more detaitecpretation of the

nano-structure of the nanocomposites to be made.

3.1.2.1 Commercial clays

A wide range of commercial clays was investigated fromral@aun of suppliers.
Southern Clays provided a selection of their Cloisite masefath varying
hydrophobicity. The XRD scans for these materials are inclbdtmv as Figure
3.1.2.1-1.

— Na+
——10A
15A
30B
——93A

relative intensity

JIm

2 theta°

Figure 3.1.2.1-1 XRD spectra for Closite clays practed by Southern Clays Inc.

It is immediately evident that the (001) peak position isalde dependant on
the organic modification applied to the clay. The position of pleisk provides
us with the (001) d spacing i.e. the distance betweeratjazent clay layers via
Braggs equation. Thus calculated (001) d values for thesiaiatare 1.178nm
(Na"), 1.846nm (C10A), 3.065nm (C15A), 1.760nm (30B) and 2.356nm (C93A).
These figures indicate that the distance between theagtays is dependant on
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the surfactant used in the case of modified clays. leabe of CNathe distance
of 1.178nm is the (001) distance for unmodified clay. When a darfis added
the space between adjacent layers is increased to axmate the new molecule
and hence a larger (001) spacing is observed. The extentiottbase is largely
dependant on the size and quantity of the new molecule, afttpmlgrity of the
surfactant may also play a role. In the case of C15A and @&3@xample the
main structural difference is the incorporation of a secoky il group and an
increased surfactant concentration. These differencest iesal considerably
larger d spacing for C15A compared to the C93A. In tise cd C30B the alkyl
chain is of similar length to C93A with concentration slighiower. The
resultant d space is smaller indicating that the polad éggroxyl groups have
some influence over the final d spacing.

In Figure 3.1.2.1-2 the XRD scans for Nanocor clays G105 (unieddibdium

clay) and 128 organoclay are shown.

— 128
—— G105

relative intensity

0 5 10 15 20
2 theta ©

Figure 3.1.2.1-2 XRD Spectra for Nanomer clays pragted by Nanocor Inc.

The recorded (001) spacing for the Nanocor clays are 1.215nm (Ga@5) a
2.542nm (128). The spacing for G105 is similar to the Taterial indicating
similar (001) spacing can be expected for unmodified clay ew#gnt of the
source of the MMT. Secondly from our understanding it is thought I&&t

organoclay contains an aliphatic quarternary ammonium surfactanpré@ence
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of (002) and (003) peaks in the 128 scan would indicate a mofecpéayered
crystal structure than that observed for the C93A

Further clay samples were investigated from Sud Chemie #&w feom
Elementis. The XRD scans for these materials are showigure 3.1.2.1-3 and
Figure 3.1.2.1-4.

— N2
— N106
%‘ N3010
C
9
= Mo
(O]
=
@ e i
0 5 10 15 20
2 theta ©

Figure 3.1.2.1-3 XRD spectra of Nandfill clays prasted by Sud Chemie GHMB.

— Bentone HC
——B2010

A

relative intensity
:

0 5 10 15 20
2 theta ©

Figure 3.1.2.1-4 XRD spectra of Bentone clays prodad by Elementis plc.
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The N106 clay from Sud Chemie and the Bentone HC from Elesnardi the
respective unmodified sodium forms of clay from these suppbews are
analogous to CNaand G105. As such they would be expected to have similar
(001) spacing to the previous unmodified clays and this turns outttelmse.
N106 has (001) spacing of 1.208nm and Bentone HC has (001) space of 1.139nm
Thus overall unmodified sodium form MMT has very similar nanosirec
regardless of the source of the material.

The organoclays from Sud Chemie have (001) spacings of 1.897 386l 3.
respectively for N2 and N3010. N2 is known to have similar aserf
modification to C10A and this is reflected in the identi@Q1) spacing. N3010
has a large (001) spacing of 3.335nm. The surfactant isasitoilthat used for
the N2 but the alkyl chain is longer hence the larger intarksyacing. The final
organoclay, B2010 has an interesting XRD pattern with a pedkrgvat 1.61°

2 and a second peak positioned at 4.5° Phese peaks correspond to spacings
of 5.490nm and 1.965nm respectively. If the peak at 1.61° is tak€01) using
Braggs equation a (002) peak would be expected at 4.780nm, whiebpmds
closely to the second peak found. This explanation would ordinaggm
sufficient but the 4.50° peak appears much sharper and monedi¢fian that
observed at 1.61° possibly indicating that some bilayer sunfastaicture has
formed due to a surfactant loading in excess of the cation excltapgcity of
the clay. Comparison with TGA data may help to furtheridate the situation

as it may also be a result of the use of two surfactanthif clay.

3.1.2.2In house maodification of clay

In addition to commercially available organoclays a numben bbuse modified
organoclays have also been investigated. All of theses cay based on CNa
which is included in the figures for reference.

The first modification was PVP which was added as desciibsédction 3.2.1.
Figure 3.1.2.2-1, shows the resulting structure of thenmgjay formed. It is
clearly evident that the (001) spacing of the clay has inaleagh the addition

of PVP. This has resulted in an increase in the (001) repdobm 1.178nm
(CNa) to 2.490nm with PVP maodification. This confirms that the PVB ha

successfully penetrated into the interlayer of the clay.
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—— Na+
—— 50%PVP

relative intensity

2 theta ©

Figure 3.1.2.2 — 1 XRD spectra of CNaand PVP modified CN&

The second material used for the modification of MMT wasl gafyidinium.
Both Bromide and Chloride analogues were investigated for thjegbrand the
resultant diffractograms are presented in Figure 3.1.2v&2 CNa shown for

comparison.

——Na+

> — 1.5XCEC CPBr
@ 1.5XCEC CPCI
]

=

(<)

2

B

£ VA

0 5 10 15 20

2 theta degree

Figure 3.1.2.2—-2 XRD spectra of CNaand CNa’ modified with CPBr and CPCI
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The first feature of note is the change in two theta angleeof001) peak of the
pyridinium modified clays compared to the CNahis indicates successful
intercalation of the pyridinium into the clay interlayer. IBea@are observed at
5.04° and 4.94° for the cetyl pyridinium bromide and chlorideesly. The
interlayer basal spacing was thus calculated to be 1.75nmhéotbromide
analogue and 1.79nm for the chloride material. As would be wgeiven the
similarity these two values of (001) spacing are approximatelytical.

The final in house developed clay was C30B modified with epoxyeasribed
3.2.1. The diffractogram in Figure 3.1.2.2-3 shows a congansth its parent
clay C30B.

—— 30B epoxy
——30B

relative intensity

0 5 10 15 20
2 theta degree

Figure 3.1.2.2-3 XRD spectra of C30B and epoxy mdigid C30B

For the epoxy modified Cloisite 30B (C30BE) the first peakather weak and
located at 3.04°. This corresponds to an interlayer spacing9dinm. The
corresponding (002) peak is observed much more clearly at 5.9TRianglue
fits well with the theoretical prediction. This result ioakies that the epoxy has
intercalated the clay layers resulting in an increa88d)(d spacing compared to
the parent C30B clay.

3.1.2.3Summary of XRD data

The XRD data obtained for the clays clearly shows thatcakated structures
are formed when organic surfactants are added to the clayiteenced by the



increased (001) spacing compared to the unmodified clays)mia sases such
as C15A, 128 and PVP higher order reflections are evident imticttat these
clays exhibit a particularly ordered layered structure whiely make them more
difficult to disperse in the eventual host polymers. Oveta results obtained

are as would be expected for clay materials.

3.2 Thermal stability of organoclays

The thermal stability of the organoclays was investigatddgu$GA. The
thermal stability under air and nitrogen atmospheres is catpand the
temperature of peak weight loss is analysed. Finallystidactant loading is
investigated.

3.2.1 Thermal stability of commercial organoclays

The TGA data for the commercial organoclays is summairsdable 3.2.1-1

below.

Table 3.2.1-1 Summarised TGA data for commercial alys

Clay 5% loss 5% loss | Peakwt | Peak wt %
air N2 loss air | loss N2 °C| surfactant
°C °C °C

C10A 226 232 250 250 40.73
C15A 279 294 339 381 43.01
C30B 279 302 366 463 30.50
C93A 335 355 335 434 36.69
128 323 310 364 438 38.16
N2 245 247 314 326 33.54
N3010 266 284 346 385 42.91
B2010 239 242 261 262 38.98

If the current opinion of nanocomposites formation were true atldv be

expected that thermal stability along with composite/stafaaccompatibility are
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of the utmost importance. From the table above it is evidentitbacommercial
clays investigated exhibit variation in thermal staletiand a significant
dependence on test environment i.e. whether tested under airasrnitndgen.
As would be expected when the materials are tested undeogenitatmosphere
there is an increase in the temperature required for the ohsktgradation.
Correspondingly the temperature of the peak weight loss alssases when the
clays are tested under an inert atmosphere. Overall ghisdicative of the
susceptibility of the organoclays to thermo oxidative degranlaDamaging
degradation of the surfactants could occur during processitgseine of the
polymers used in this project. In particular PET and T5000 whelpecessed
at 270°C in nanocomposite formation may cause unwanted organoclay
degredation.

The wide range of thermal stabilities observed (from 216°GrifoaC10A to a
maximum of 323°C in air for 128) indicates that the thermaliltglis directly
influenced by the chemical structure of the surfactanthéncase of C10A it is
evident that if the benzyl or methyl bonds that connect the gmtigetnitrogen
atom break a significant portion of the surfactant is degradédhis will result
in significant weight loss in TGA experiments. In contrast Ibheakage of a
single bond in the aliphatic alkyl type surfactants (SucB3®A) may only result
in the loss of one methyl group hence the rate of weightitostower than
observed for the C10A. In addition the presence of reactiveidmattgroups
(such as the hydroxyl groups present in C30B) may contribute teaoted

degredative reactions and hence the degredation temperdawers

3.2.2 Thermal stability of in house modified organ  oclays

From the commercial materials available, only C93A and 128 staivermal
stability suitable for all the polymer materials under itigedion, and in
particular for PET (processing temperature circa 285°C -CG30@°is hoped that
by modifying standard base clay (Cloisite’Naith carefully selected chemicals
it may be possible to increase the thermal stability a@fawoclay and, in
conjunction with improved compatibility towards PET produce comg®sitith

greatly improved clay dispersion.



The first of these clays is PVP modified and TGA thermogapie shown in
Figure 3.2.2-1.

The data obtained from the TGA experiment indicates that 5Swt&ooosurs at
120°C in air and 272°C in Nitrogen. This would indicate thatP¥i® modified
clay has thermal stability no better than many of the stdnztanmercial clays.
On direct viewing of the thermographs however, it is evideatt ttis mass loss
is gradual and most likely attributable to loss of moistumenfrthe clay or
moisture associated with the PVP. The main mass loss uudbrair and
nitrogen atmosphere can be observed at about 430°C indicating that PVP
modified clay has considerably improved thermal stability marad to
commercial clays. This is confirmed by the peak masss Iwhich was
determined to be at 472°C in both atmospheres and is exgexsed on the
thermal stability of PVP.

100
95
90
85
80
75
70

% wt loss

60

55 )
50 - —— PVP air

45 1 —PWN
40 I I I 1

0 200 400 600 800
°C

Figure 3.2.2—-1 TGA comparison of PVP modified CNain air and nitrogen atmosphere

The second clay modification identified was cetyl pyridiniumis hoped that the
ring structure will provide increased thermal stability coragato standard
guarternary ammonium based surfactants. In this case both kramidchloride
analogues of cetyl pyridinium were used to ascertain if couoteaffects the

thermal stability.
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TGA comparison of CN& modified with CPBr in air and nitrogen

From the TGA curves (Figure 3.2.2-2) it is clear that tlaérstability has not

been raised to a very high temperature for the bromidegumiwith 5wt% loss

at 265°C and 270°C for air and nitrogen atmospheres respectiedypeak

weight loss temperature determined from the derivativightéoss was found to

be unchanged regardless of the test environment (298°C for aBC&R@ for

nitrogen). The overall surfactant loading was found to be 41.98%xal this

modification does not offer any real benefits over the comnievaimnoclays

studied.
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Figure 3.2.2-3 TGA comparison of CN& modified with CPCI in air and nitrogen

atmosphere
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In addition to the cetyl pyridinium bromide analogue the chlorittdayue has
also been investigated. The TGA curves for this mater@alalso presented in
Figure 3.2.2-3.

From the results presented it is evident that the thermbiligt of the chloride
analogue is greater than that observed for the bromide. Icdabes 5wt% loss
was determined to be 323°C in both air and nitrogen atmasphiee peak heat
loss temperatures also show considerable increase comptinethe bromide
additive with values of 462°C and 467°C respectively foaad nitrogen. The
total surfactant loading was determined to be 30.31% indicatingithar some
bi-layer coverage has occurred for the bromide derivativéhatr incomplete
cation exchange has occurred for the chloride derivative.

Overall this indicates that the bromide derivative is ldssrmally stable,
probably due to some bi-layer structure of surfactant. In iadditounter-ion
residues (i.e. Brand Cl) may affect the thermal stability with bromide affecting

the thermal stability more [127].
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Figure 3.2.2—-4 TGA comparisons of C30B and epoxy rdified C30B in air and nitrogen

atmospheres

The final in house modified clay investigated was C30B modifigth
Bisphenol A epoxy of diglycidyl ether. It is hoped reaction of epoxidé e
groups with hydroxyl groups on the C30B will both improve thermal lggabi
and compatibility with PET. Thermograms for C30BE are indiuds Figure
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3.2.2-4. It is evident from the TGA experiments conducted thattihermal
stability of the clay is improved considerably compared tatiginal C30B clay.
For C30BE tested in air the 5wt% loss has increased froRC279to 331°C and
for tests conducted in nitrogen the 5wt% loss value has sexeaom 302°C to
349°C. New derivative weight loss values show peak weightddss reached at
369°C and 387°C respectively for air and nitrogen atmospherescdrhjzares
favourably with the previously reported values for 30B in air betvalue for
nitrogen atmosphere is reduced. Overall this indicatesthieabhew degradation
mechanism is controlled by the epoxy component rather thaquaeernary
amine component of the organoclay. The total loading of surfadize.
quarternary ammonium and epoxy was found to be 47.48% indicating

approximately 17% of the surfactant detected in TGA is epoxy.

3.3 Compatibility of organoclays with polymers

The organoclays and polymers, where structural detail is knoawe been
analysed using Hansen solubility parameters to givendication of potential
compatibility between surfactants and polymer. The absolute Btylubi
parameter ( total) of the materials is shown in Table 3.3-1 along with the
dispersive (d), polar (p) and hydrogen bonding) component.

From the table it can be seen that there is a broad cirgg@ubility parameter
represented within the materials. PA-6 for instance, woplukar to be most
compatible with Cloisite 30B (out of the clays used in PA-6) thate is a
considerable difference in the component fractions. Although the dipole
contribution is similar the remainder of PA-6 is equally dsited between polar
and hydrogen bonding contribution. In contrast the C30B has further contribution
almost exclusively from the hydrogen-bonding component (as its seugtuld
suggest as it contains 2 hydroxyl groups). This illustrates tieat actual
compatibility between polymer and clay may not be governedhbytotal
solubility parameter alone but rather its make up in tesfrdipole, polar and
hydrogen bonding component. To further illustrate this point a wianglot of

the fractional contribution to total solubility parameter é6Rand the clays used

(with known structures) is shown below (Figure 3.3-1). The axessmond to
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dispersive fraction (fd), polar fraction (fp) and the hydrogen-bandiaction
(fh).These plots provide an excellent tool to aid in the Visai@on of the
compatibility between two materials. In essence the clivee materials appear
on the chart the greater their compatibility. In this dasenfirms that C30B is
the most compatible of the clay used. In addition it can ba #wat C10A and
C15A, as used with PA-6 show poor compatibility.

A similar method can be used to examine the other polgitagrsystems tested.
Figure 3.3-2 above is a TEAS plot for MXD6 with organocle&isilar to PA-6
C30B is the most compatible clay surfactant. In this cheeMXD6 is more
compatible with the other clay types than the PA6 asstdieser on the TEAS
plot. This indicates that the MXD6 material is less pdiantPAG.

For G21 compatibility is very similar to that observed MXD6 due to the
similarity in the solubility parameter for MXD6 and G21 (kg 3.3-3).

Table 3.3-1 Hansen solubility parameter data for pgmers and clays

Material total d p h
PA-6 22.7 19.6 8.7 7.5
MX6007 20.9 18.8 5.6 7.1
G21 19.9 17.9 5.3 6.9
T5000 16.4 15.2 1.2 6.3
PET 21.3 17.9 6.9 9.1
C10A 19.8 19.8 0.3 0
C15A 17.8 17.8 0 0
C30B 21.6 18.8 1.9 10.4
C93A 17.6 17.6 0 0
128 - - - -

N2 20.1 20.1 0.4 0
N3010 19.8 19.8 0.3 0
B2010 - - - -
PVP 21.7 15.9 12 8.7
Cetyl pyridinium | 16.3 16.6 0 0
30B epoxy 18.3 16.9 2.8 6.4
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Figure 3.3—1 TEAS plot showing compatibility of orgnoclays with PA6
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Figure 3.3—2 TEAS plot showing compatibility of orgnoclays with MXD6
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Figure 3.3-3 TEAS plot showing compatibility of orgnoclays with G21
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Figure 3.3—4 TEAS plot showing compatibility of orgnoclays with T5000
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A similar situation is observed for T5000 amorphous polyamide (FigLd-)
whereby C30B offers the closest compatibility to the polymbe T5000 is also
positioned closer to the other clays than either the PABeoMXD6 polyamides
indicating lower polarity than the other polyamides as tkis aorresponds to
zero contribution from polar or hydrogen bonding contributions.

PET
C30B

C15A/C93A/Cetyl pyridinium

Figure 3.3-5 TEAS plot showing compatibility of cormercial and in-house modified clays
with PET

The compatibility of PET with both commercial and in house meditilays is
illustrated in the TEAS plot below (Figure 3.3-5). As is thesec for the
polyamide materials the C30B proves to be the most compatithi®ET while
the other commercial clays and cetyl pyridinium modified @ahibit ‘poor’

compatibility based on the TEAS plot. Modification with PVP pesduced clay

with improved compatibility toward PET compared to those whiare



commercially available due to its greater polarity. igiry the use of Epoxy to
modify C30B improves the compatibility of the clay compateccommercial

clays.

3.4 Summary

The SEM images of the unmodified commercial clays indith#t there are
significant differences in the MMT structure based upon therce of the
Bentonite mineral. Generally speaking the SEM has illtesfrahat Southern
Clays material is more angular in nature and less agglomdethan the other
commercial clays investigated. It is possible that thaifferences in micro-
structure may influence the quality of the dispersion of alapolymers since
clay exfoliation involves both separation of micro-structurediglas and nano-
exfoliation.

The nanostructure of the commercial clays illustrated artlgmee of (001)
spacing on the size of the surfactant molecule. Large samtamolecules such
as dimethyl dihydrogenated tallow quarternary ammonium used 1LiBAC
produced large interlayer spacings and smaller molecules asictiimethyl

benzyl hydrogenated tallow used in C10A resulted in a smalierayger. It is

unclear if the initial interlayer spacing will significantaiffect the intercalation of
polymer into the clay galleries but it is evident that a snmaérlayer could
hinder diffusion controlled intercalation. The compatibility ofstaerganoclays
with the target polymers was found to be poor in many caswsinBtance
hydrophobic clays such as C15A or C93A would be expected to have
compatibility with the polar nylons and PET used in these stuliesddition to

the compatibility issues many of the clays under test exhibir ghermal

stability for processing with many of the polymers under ingatbn (i.e.

MXD6, G21, T5000 and PET). This lack of thermal stability risfehat

degradation of the organoclay may occur during processing. Thestrature

of the nanocomposites produced will provide valuable insight into

mechanisms responsible for producing the most highly dispersedalhayer

nanocomposites and the influence of compatibility of surfactanpalyther and

its thermal stability.
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In addition to the commercially available organoclays séwe+aouse modified
clays were produced so the effect of improved compatibditg increased
thermal stability can be assessed in relation to PEP R\dified clay shows
both improved compatibility towards the PET and improved thestability
compared to the commercial clays investigated. Cetyl Pywidinhodified clays
produced exhibit generally poor compatibility and thermal statblut offer an
interesting choice due to their food approved status. The PVHietwbdiay and
epoxy modified C30B may prove much more interesting as they have
comparable thermal stability to the most thermally stabiargercial clays such
as C93A and 128 but offer better PET compatibility than anh@tommercially
available materials. If the prevailing wisdom were cdrieavould be expected
that these materials would produce much improved nanocompositgsueal to

the commercial materials.



4 Evaluation of polyamides for exfoliation transfer

of clay into PET

One of the possible solution routes to the problem of improvingré@ntion in
PET beverage containers is to use well established eidali@chnology such as
that of polyamides. The exfoliation of MMT in polyamides isliwstudied and
highly exfoliated composites have been produced via melt miogesThis
chapter evaluates a range of polyamide/clay nanocompositesién to gain
understanding of the best polymer clay combinations, and alddetuify
optimum combinations for blending with PET to maximise gas batnelable
4-1 a summary of the polymer/clay combinations evaluatedhaidprocessing

temperatures is provided.

Table 4-1 Table of PA/clay combinations and procesgy temperature

Polymer Designation Clay Processing
Temperature (°C)
PA-6 F223D C93A 230
UB3 C93A 230
F136C C15A 230
F136C C30B 230
F136C C93A 230
F136C 128 230
F50 C15A 230
F50 C30B 230
F50 C93A 230
F50 128 230
PA-MXD6 MXD6 C10A 250
MXD6 C15A 250
MXD6 C30B 250
MXD6 C93A 250
MXD6 128 250
PA-61/6T G21 Na 250
G21 C10A 250
G21 C15A 250
G21 C30B 250
G21 C93A 250
PA-6-3-T T5000 Na 270
T5000 C10A 270
T5000 C15A 270
T5000 C30B 270
T5000 C93A 270
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Using the samples in Table 4-1 the effects of different poiga structures can
be investigated and the effects of various polymer/clay cobiliges in addition

to the effects of different processing temperatures.

4.1 Polyamide-6/organoclay nanocomposites

PA-6 nanocomposites were the first to be scrutinised dueetoetatively large
body of literature available on the subject. The first aspeestigated was the
influence of the PA-6 viscosity, as evidence suggests Higer viscosity is
more effective in clay exfoliation due to the increaseehstduring processing.
The second major factor investigated was the effect aérdifit surfactants and
their potential compatibility with PA6 on the dispersion of orgénpand the

resultant nanostructure and crystallisation behaviour.

4.1.1 Morphological characterisation of PA-6 nanoco  mposites

4.1.1.1 Influence of PA-6 viscosity
The four PA-6 materials studied, F223D, UB3, F136C and F50 werecsedbjto

rheological evaluation using capillary rheometery as describedection
3.2.4.5.2. The resulting viscosity/shear rate curves mesented in Figure
41.1.1-1
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Figure 4.1.1.1-1 Viscosity curves for PA6 materialwith differing molecular weight
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From the above data zero shear rate viscosity was datgimy extrapolation of

the data points back to the viscosity axis. Zero shear viga@dues of 240Pas,
360Pas, 2560Pas and 5300Pas were determine for F223D, UB3, F136C and F50
respectively, thus a wide range of polymer viscosity isstigated.

Nanocomposites of these PA-6 materials were compounded with 6@BA for
comparison of the effect of rheology on the nanostructure ofrdébaltant
composites. This particular clay was chosen because it problettes dispersed
nanocomposites in PA-6 according to a previous study conducted in this
laboratory [167].

The XRD pattern for F223D/C93A composite is shown in Figure 4-2 lwith

the unmodified polymer and the organoclay for comparison purposes.

—F223D
—— F223D/93A
93A

relative intensity

2 theta °

Figure 4.1.1.1-2 XRD spectra of F223D, F223D/C93Aanocomposite and C93A clay (Cr x-
ray source)

For the F223D polymer there is a small peak at 4.6°. Theiassonof this peak
is not known but it may represent some additive that is incormbirtie the base
polymer such as a lubricant or stabiliser. There is a @#aR2.4° which
corresponds to the crystal structure of the PA-6. With the pocation of the
clay a new peak is evident at 5.28° which correspond to a (00&ngpaf

2.485nm. From the x-ray patterns it is evident that thisng sienilar to the peak
position and spacing for the raw C93A clay (5.48° and 2.395nm (patjng).

It appears that the clay dispersion process occurs in choppingtevieight of
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the layered-structure of clay particles due to sheae$one the extruder rather
than layer-by-layer exfoliation.

In addition to the nanostructure a change in the crystal steucaur be observed.
The peak at 32.4° now shows increased intensity and thelsoiaraadditional
shoulder present at 29.1°. This indicates that the presétioe clay has resulted
in a more ordered crystal structure and the formation ehal samount of an
alternative crystal structure.

The UB3 composite showed different behaviour than the F223D cae@ssi
there was a shift of the (001) peak to 4.12° (Figure 4-B)L This corresponds
to a new (001) spacing of 3.185nm and is indicative of an intéedala
nanocomposite structure. Again the peak intensity is reducediimdgjaeduced
particle size Similarly to F223D/C93A composite there is alsthange in the
crystal structure as the peak intensity at 32.4° is agairased and an additional
shoulder is again present at 29.1°.
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Figure 4.1.1.1-3 XRD spectra of UB3, UB3/C93A nanomposite and C93A clay (C5r x-ray
source)

The two high viscosity PA-6 materials studied exhibit vemyilar behaviour and
their x-ray patterns are shown in Figures 4.1.1.1-4 and 4.1. The5first feature
of note is the absence of (001) peak for these materials.isThidicative of a
high degree of clay dispersion/exfoliation of the organoclaybdth cases a

small peak is evident at 4.6° which corresponds to the sma&lgyedent in the
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unmodified polymer. Similar to the F223D and UB3 there is an icEnthange

in the crystal structure of the nanocomposites compared tmadgepolymer.

——F136C
—— F136C/93A
93A

AN

relative intensity
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Figure 4.1.1.1-4 XRD spectra of F136C, F136C/C934anocomposite and C93A clay (Cr x-
ray source)

——F50
—— F50/93A
93A

relative intensity
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Figure 4.1.1.1-5 XRD spectra of F50, F50/C93A nanomposite and C93A clay (Cr x-ray
source)

Overall these results suggest that higher viscosity obR&\favourable for the
fabrication of highly dispersed/exfoliated nanocomposites from ntiedt as
suggested in the literature. We are in agreement tigteffect is due to the
additional shear stresses generated by the high viscositgriatatduring

processing. It is also likely that reduced thermo-oxidatiggradation of the
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polymer during processing is helpful in maintaining high visgositiring
processing — i.e. that the molecular weight reduction due to digm in

processing has less effect due to the higher starting RMM

4.1.1.2 Influence of surfactant

To investigate the influence of surfactant on the dispersiotagfic PA6 four
commercial organoclays were chosen. The clays selectesl @E3A (highly
hydrophobic), C30B (hydrophilic and recommended by the manufacturer
Southern Clays), C93A (hydrophobic and best for PA6 based on our exgerie
[167]) and 128 (again hydrophobic but with a different clay structigarh of
these materials was added to PA6 at 5wt% via the extrgsmoess described
previously. Both high and ultra high viscosity PA6 (i.e. F136C bd) were
evaluated as they have the greatest potential to exfalatgared to low and
medium viscosity materials. The XRD patterns obtained 1&@6E are shown in
Figure 4.1.1.2-1.

—F136C

—— F136C/93A
F136C/15A
F136C/30B

— F136C/128

Relative intensity

3 13 23 33 43 53
02 theta

Figure 4.1.1.2-1 XRD Spectra of F136C and nanocomgites produced with different

organoclays (Cr x-ray source)
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In the case of C15A there is a clear (001) peak position8B8% and a (002)
peak positioned at 7.76°. The (001) distance calculated fieznpéak angle is
3.382nm compared with 3.065nm for the original clay. This datgestg that
there has been some intercalation of polymer chains into thgalleyies due to
the increase in (001) basal spacing but that a high levdispersion has not
been attained as the clear (001) and (002) peaks indicatey¢nedastructure of
the clay is largely intact. In the case of C30B and C93/Aetisno defined peak
at low angle (excluding the small peak at 4.22° which isgme in the
unmodified polymer) indicating a high level of clay dispersianwould be
expected that some exfoliation has occurred or an intercalatertuse with
(001) spacing greater than 4.374nm. To the best of our knowledgeeeralated
structure with such a large (001) spacing has not been prodoc&d\-6
materials previously, therefore it would be expected thatrtanocomposites
produced with C30B and C93A are predominantly exfoliated. For 12@ tise
evidence of a peak just within the limit of this test at 323 a second peak at
7.16°. These are the (001) and (002) peaks for the clay ardpond to a (001)
spacing of 3.940nm. This would indicate considerable intercalafidhe clay
((001) for raw clay is 2.542nm) but the overall layered slaycture is retained.
The final features of note are the peak centred at approxyn3@tand the small
shoulder observed at 29.5°. These peak positions are known to [senégiige
of the PA6 gamma and alpha crystalline forms respectively [#&8%uch it can
be surmised that the gamma crystal form dominates due ppdbessing method
employed but that the presence of clay promotes the formdtialptta crystals
also. In essence a change in the crystal form of thelearhas occurred with the
incorporation of clay.

The second high viscosity PA-6 used for assessment offée ef surfactant on
nanocomposites formation is F50 ultra high viscosity PA-6. Figurel.2-2.

presents the XRD scans obtained from these materials.

12¢



— F50

—— F50/93A
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relative intensity

© 2 theta

Figure 4.1.1.2-2 XRD Spectra of F50 and nanocomptss produced with different
organoclays (Cr x-ray source)

In the case of the F50 material the behaviour of therdiitetypes of clay is
identical to that observed for F136C, as is the crystathisatehaviour indicating

that the RMM has a significant influence on the nanocompfusiteation

4.1.1.3 Summary of PA6 Nanocomposite XRD data

From the XRD spectra obtained several of the features mot8dction 2.2.5.1
are in evidence for PA6 nanocomposites. Such features includépalening
and reduced intensity (for low RMM PAG6) due to both reduced coratamtrof
the clay (5wt% of the composite) and also due to reduatidimnei number of clay
layers per particle. In addition the highly hydrophobic dGABA continues to
show a very ordered structure (multiple (00) orders evident) aften melt
processing with the polymer indicating very little dispersibrthe clay due to
poor compatibility. One final feature of note is that althoughha&l high RMM
PA6 nanocomposites (with the exception of (C15A) could be consitieybly
dispersed there is a rise in intensity at low angles. Tay indicate some
structural features with regularity over larger distartb@s can not be resolved
by XRD techniques. Further work could be conducted using SAXS/S#®NS

further elucidate these features.



4.1.2 Crystallisation behaviour of PA-6 nanocomposi  tes

The crystallisation behaviour of the PA-6 nanocomposites, astigated by
DSC is discussed in this section. Briefly samples werated then held at
temperature to remove thermal history then subjected toefudboling and
heating. These scans were recorded.

Low viscosity PA-6 and medium viscosity PA-6 (F223D and UB3eaethyrely)
with C93A clay were investigated first. The DSC cooling scéors these
materials are included below as Figure 4.1.2-1. It is avithat the inclusion of
clay in these materials results in a shift in thestalisation temperature to
higher temperature than that seen for the unmodified rahtémi the case of
F223D, T has increased from 161°C to 184°C and the crystallisatiak ige
much sharper indicating rapid nucleated crystallisation. Thapgdears that the
clay, when in a micro dispersed form (as in this compositee) acts as a
nucleating agent. Similar phenomenon can be seen for the medicosity PA-
6 UB3. A similar shift to higher temperature fay fas occurred (from 160°C to
177°C) in this case also along with a distinct sharpeningeotistallisation
peak. Overall this indicates that in an intercalated nanocotepths clay also

acts as a nucleating agent.

—F223D

— F23DRA — B3

— UBIBA

relative heat flow
relative heat flow

Figure 4.1.2-1 DSC cooling of low RMM/viscosity PA@Gnd nanocomposites

12¢



The F136C composites showed a similar trend in terms of cliygaas a
nucleating agent. In this case the unmodified polymer hasaé I55°C whilst
the nanocomposites have I77°C C15A, 176°C C30B, 174°C C93A and 177°C
for 128 polymer clay nanocomposite. As for the low and medium maecul
weight nanocomposites there is a considerable shift ¢d higher temperature
and a sharpening of the crystallisation peak. It also appearsl; is slightly
depressed for exfoliated nanocomposites (i.e. C30B and C93A) contpated
intercalated nanocomposites (i.e. C15A and 128). The DSC coatigs Sfor
F136C clay nanocomposites are shown in Figure 4.1.2-2.

The high viscosity/molecular weight PA-6, F50 showed a sintdadency to
that observed for high viscosity PA-6 F136C. The unmodified palwxkeibited

T, of 154°C compared with 155°C for the F136 material. The narmxsites
also followed a similar trend. Exfoliated nanocomposites C3BC93A had J

of 174°C and 173°C and intercalated nanocomposites C15A and 128 both had
of 176°C. Overall the trend shows that like other PA-6 redsestudied there is a
tendency towards significant nucleation of the PET and thaeffieet is more
pronounced when the nanocomposite is of intercalated form ratizer t
exfoliated. The DSC traces for F50 cooling are shown in Eigur.2-3.

—_F136C
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Figure 4.1.2-2 DSC cooling of F136C PA6 and F136@mocomposites



ﬁ ——F50

> — F50/93A
2 F50/15A
8 F50/30B
e

5 — F50/128

100 150 200 250
Temp (°C)

Figure 4.1.2 — 3 DSC cooling of F50 PA6 and F50C macomposites

Table 4.1.2-1 below provides a summary of the crystallisdigiraviour of the

PA-6 nanocomposites.

Table 4.1.2-1 Summary of the effect of nanocomposittype on crystallisation on cooling
from the melt

PA-6 Clay T©n°C | Tc°C Nanocomposite
structure

F223D - 187 160 -

UB3 - 183 161 -

F136C - 168 155 -

F50 - 167 154 -

F223D C93A 190 184 Micro dispersion

UB3 C93A 183 177 Intercalated

F136C C15A 181 177 Intercalated

F50 C15A 180 176 Intercalated

F136C C30B 181 176 Exfoliated

F50 C30B 180 174 Exfoliated

F136C C93A 178 174 Exfoliated

F50 C93A 177 173 Exfoliated

F136C 128 181 177 Intercalated

F50 128 181 176 Intercalated
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Overall there are two main trends observed in the data peeseegarding
crystallisation from the melt. First, there is a visgdmsolecular weight effect
whereby crystallisation onset is at higher temperaturie it molecular weight
materials compared to higher weight materials. Thisaiswell known
phenomenon and is due to increased chain mobility of low moteadaght
materials due to their lower number of chain entanglem@&hts.second feature
of interest is that the nucleation effect is reduced féolted nanocomposites
compared to intercalated counterparts. In essence it apfiedrsvhen clay
platelets are highly dispersed as single layers thesateste growth of crystals
due to the large amount of volume they occupy. When the compisi
intercalated there is less total volume and hence greatebers of crystals are
able to nucleate and grow thus allowing a greater nucleafiect.ef

The second feature of PA-6 nanocomposite crystal behaviour igatest was
the crystal melting behaviour. DSC second heating trace$2@8D/C93A
nanocomposite and UB3/C93A nanocomposite are shown below in Figure 4.1.2-

4 with their respective neat resins for comparison.

——F223D
—— F223D/93A
UB3
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Figure 4.1.2—4 DSC crystal melting of low RMM/viscsity PA6 and nanocomposites

Both unmodified PA-6 materials have a single large melfiagk centred at
222°C. This corresponds to melting of the alpha crystal form Piar6.
Interestingly with the addition of clay, regardless of t§metof nanocomposite

formed there is a distinct change in the crystal mglgeak, which becomes split
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between peaks at 214°C and 221°C. The first peak at 214°C corregpadinels
crystal melting temperature of gamma crystals in PAS igaicated in XRD
analysis) while the 221°C represents the alpha crystalngeffiherefore it is
evident that the presence of the clay results in the formatiarsignificant level
of gamma crystals in PA-6. Due to their lower meltinmmperature it can be
assumed that these crystals exhibit less perfection than dheha crystal
counterparts indicating that the presence of clay inhibitsfahmation of the

largest, most perfect crystals.

——F136C
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Figure 4.1.2-5 DSC crystal melting of F136C PA6 and136C nanocomposites

In the case of F136C high viscosity PA6 there is also a chantiesimelting
behaviour of the nanocomposites compared to the unmodifiediahdt&gure
4.1.2-5).

In the case of F136°C the melting peak of the unmodified polwnews that
both gamma and alpha crystal structures exist. Thersligha tendency towards
gamma crystallites. This indicates that the formation efléingest, most perfect
crystals is restricted in F136C. The most likely explanatorthis behaviour is
the high molecular weight results in a high degree of chatsnglements which
restrict the formation of the largest, most perfect alplatals. Interestingly all
the nanocomposites produced, with the exception of F136C/C93A, show an
alpha crystal dominant structure with some gamma crystaérbrithis would
seemingly indicate that formation of the more perfect atpistal structure was
promoted by the presence of clay, contrary to the situation ise¢he low

molecular weight PA-6 samples. One possible explanation for theoiplee
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may be that due to the higher molecular weight of F136C iwcityestal are larger
and hence slower to melt. This could result in the meltiygtals acting as
nucleation sites for re-crystallisation during melting whitlay explain the
formation of a large portion of more perfect alpha crgsta¢. they are
predominantly formed due to re-crystallisation during the mglphase. The
case of F136C/C93A composite is again interesting. In thistbaseelting peak
indicates almost exclusively gamma crystal formation.slpossible that the
dispersion of the clay in the PA-6 and the subsequent high ¢éveteraction

between the clay and polymer results in a restrictiohain mobility. The
reduction of the chain mobility may prevent the polymer chainsocming to

the most stable and perfect alpha crystal conformationddiitian the highly

dispersed clay platelets may also act as a physicakbaorithe formation of
alpha crystal structures.

The DSC melting scans for ultra high viscosity PA-6 (F50) \aitid without

clays are presented in Figure 4.1.2-6. This data agaiesramny interesting
questions regarding the crystallisation processes in PA-6 naposdes and the

influence of nanocomposite nature and PA-6 molecular weight.
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Figure 4.1.2—6 DSC crystal melting of F50 PA6 and3® nanocomposites

As in the previous case for F136C high viscosity PA-6 the tenydéor F50 is
towards a greater extent of gamma crystallites. Thidtresy be expected if we
are to believe that the main influence in the cryisttilon behaviour of the
unmodified polymer is due to the chain entanglements which trhidility and
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hence the polymers ability to adopt the required crystal caoafiion within a
given time period at a given temperature. The clay nanocorapositerials
produced with the F50 PA6 all show a predominance of alpha typtaltites.
Given the evidence from the unmodified polymer that the moleautaght
influences crystal type it seems reasonable that re-tliyat®n during melting
explains this phenomena as the mobility of the molecular chainwuch
increased during melting hence the polymer can form more eamapld perfect

crystals — i.e. the alpha crystal structure.

4.2 MXD6/organoclay nanocomposites

The investigation on MXD6/organoclay nanocomposites is discussetiei

following sections. It is expected that due to the matestiscture (i.e. the
presence of an aromatic ring) there will be significaffedtnces between the
behaviour seen for PA-6 and that of MXD6.

4.2.1 Structural characterisation of MXD6 nanocompo  sites

For the investigation of PA-MXD6 the MX6007 grade was utilis€dher
rheology grades are available (MX6002 and MX6012) but MX6007 is known to

be used and recommended for packaging applications.

— MX 6007
—— MX/93A
MX/10A
MX/15A
— MX/30B
— MX/I128

relative intensity

3 13 23 33 43 53
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Figure 4.2.1-1 XRD spectra of MXD6 and MXD6 nanocoposites (Cr x-ray source)
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The clays used in this study to provide a range of surfactaerts C10A, C15A,
C30B, C93A and 128. Compatibility with the polymer based on satybil
parameter behaviour was determined to be in the order C30BA& € C15A >
C93A (the surfactant structure of 128 is not known but it is exgettiat the
compatibility will be similar to that of C15A and C93A). Tipgocessing of
MXD6 nanocomposites was conducted at 250°C and as such thexbikitlysbf

the surfactants may also have an important role in the devehbpofe
nanocomposites. The five clays tested have thermal degredatmperature of
226°C (C10A), 279°C (C15A), 279°C (C30B), 335°C (C93A) and 323°C (I28)
based on five percent weight loss determined in air via TIG&.assumed that
compatibility and thermal stability are of the utmost impaec&afor the formation

of nanocomposites, thus it would be expected that C30B would tb#ebest
hope of producing a highly exfoliated nanocomposite due to its better
compatibility with MXD6 and only minimal degradation occurring the
processing temperature (i.e. the 5% weight loss temper&ubove the
processing temperature).XRD analysis of the unmodified polyamer the
nanocomposites is included in Figure 4.2.1-1.

For the unmodified polymer there is no (001) diffraction peak as dvbal
expected. There is however a broad peak centred at 30.5° edrrglsponds to
weak crystallisation behaviour. Unlike the PA-6 based congmaihereby there
was an increase in both peak sharpness and intensity for nanotempiese is

no effect on this peak through the addition of clay. This wouldc#@tdithat the
clay has had little effect on the crystalline behavioutttiersamples prepared for
XRD analysis.

Based on the compatibility and thermal stability of cla#gysas expected that
C30B would produce the best nanocomposite but in this study only an
intercalated composite could be formed with this polymer/clamignation
((001) 3.56° 2 theta with spacing 3.69nm). In addition C10A, C15A and 128
produced only intercalated nanocomposites with (001) spacings of 3.26nm,
3.35nm and 3.20nm respectively. For all these clays theresimitar (001)
spacing which suggests that the spacing is a feature of thimgobktructure
rather than the surfactant and also that the polymer repglaeesirfactant in the
interlayer. Of the surfactants tested only MXD6/C93A exhibitedhighly

dispersed structure with no (001) diffraction peak evident witienrange of the
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scan. This indicates that the (001) spacing is greaterdi3amm. As it is very
rare to find ordered clay structures with such a high (00Xirspat is assumed
that at the very least this polymer/clay combination has prodacédghly
dispersed nanocomposite with possible exfoliation of claylptate

It is interesting that as per PA-6, despite a poor compstiliith the polymer
C93A produces highly dispersed nanocomposites. This may provide some
evidence that primary interactions (such as dipole interaadiorhydrogen
bonding) between the polymer and the surfactant are less imjpadrta
nanocomposites formation than previously thought therefore it appleats
thermal stability of the organoclay is more important in taise.

In summary the XRD traces were as expected with the quegtion remaining
being the increase in the intensity for the most dispersed omposite
(MX/93A) at low diffraction angles. It is possible that sooreer over greater

distances is present but further research would be requiredfio this.

4.2.2 Crystallisation behaviour of MXD6 nanocomposi  tes

Crystallisation and melting behaviour of the MXD6 and its nangaosites was
again investigated using DSC. The DSC cooling scans are shdvigure 4.2.2-
1

rel heat flow

— MX/128

100 120 140 160 180 200 220
°C

Figure 4.2.2—1 DSC cooling of MXD6 and MXD6 nanocoposites

13€



The pure MXD6 polymer sample shows that the material handemncy to
crystallise very slowly under the test conditions used difficult to isolate an
accurate { crystallisation temperature as the peak is very wide siadlow.
Based on the available data an approximation of 156°C has ussh for
comparison purposes.

The nanocomposite materials all exhibit a clear crysttihisgpeak compared to
the unmodified material indicating the clay has had a sggmfinucleating effect
on the polymer. From a.Dbf 156°C for the polymer alone the Aas increased to
171°C (C10A), 172°C (C15A), 170°C (C30B), 177°C (C93A) and 162°C (128)
with a significant sharpening and narrowing of the crystaitinapeak. Several
other interesting features of the melt crystallisation belaware also evident
from the results. The behaviour of MXD6/I28 nanocomposite isdstelg as
this material has the lowest crystallisation tempeeaturd is also the only clay
of differing structure therefore it can be assumed that saspect of the clay
morphology (i.e. the more rounded and regularly shaped partigsglts in a
less pronounced nucleating effect than that observed for the t€lbased
nanocomposites. Of the three Cloisite clays investigated, CZ0BA and C30B
all had T. around 170°C. Overall this means that all the intercalated
nanocomposites had lower. Tthan that observed for the only exfoliated
nanocomposite in this series — MXD6/C93A which had 1¥7°C. This is
interesting as in the case of PA-6 the nanocomposite wittliaed structure
had less of a nucleating effect than the intercalatedcoamposites. Overall the
MXD6 exhibits behaviour similar to PA-6 in terms of clay nutlen
crystallisation but opposite behaviour in terms of the nanocornepssiicture
which most effectively initiates nucleation — i.e. theodiated nanocomposite.
This result is not fully understood at this time.

The data for melting behaviour of the MXD6 polymer and its namposites is
shown in Figure 4.2.2-2.
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Figure 4.2.2—-2 DSC crystal melting of MXD6 and MXD&anocomposites

The individual melting points are 239°C (MXD6), 238°C (10A), 242°C (C15A)
237°C (C30B), 240°C (C93A) and 237°C (I128). Although there are small
differences there is no apparent pattern to them such ascailated exhibiting
lower T, than exfoliated or vice versa. The differences may beadédference

in the lamellar thickness but from the results presentedanisiot be certain.

4.3 G21/organoclay nanocomposites

G21 is a copolymer of 70/30 composition of PA-6 terephthalate ané PA
isophthalate and as such is amorphous in nature. This polymeznable the
effect of aromaticity and amorphous nature on the nanocompasiteation to

be studied. It is hoped that this material can be an efeict dispersing clay and
hence act as an exfoliation transfer agent for clay in REdddition the G21 PA
allows us to widen our investigation into amorphous polyamide nanocdesosi
As no previous literature was found concerning this materiateesing of the
commercial organoclays from Southern Clays were investigateaiddition to
the sodium form of Cloisite (CNj organoclays C10A, C15A, C30B and C93A

were investigated.
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4.3.1 Structural characterisation of G21 nanocompos  ites

The G21 amorphous PA is only available as one grade therefangemtigation
of the effect of rheology for this material was not possil#ls. such an
investigation of the effect of surfactant alone was conducte

The XRD data for the G21 PA and it nanocomposites is showigune 4.3.1-1.

—— G21 —— CNa+ C10A C15A —— C30B —— C93A

rel intensity

0 10 20 30 40 50
2 theta degree

Figure 4.3.1-1 XRD spectra of G21 and G21 nanocomgites (Cu x-ray source)

For the G21 polymer there is clearly no peak in the lowd2gree range (i.e. less
than 10°) but there is a broad ill defined peak centred af 2¥hown as the
amorphous halo. A second, sharp peak is evident at 38.44° and 2.3.k8fich
corresponds to some unknown ordered aspect of the polymer strif¢itrehe
addition of CNA there is a significant change in the diffraction patteiti \8
peaks evident in the low 2degree range. The new peaks are found at 3.08°,
5.193° and 8.03°. These angles correspond to interlayer spadir2g87om,
1.70nm and 1.03nm respectively and indicate that a multi stagtimaterial has
been formed. In each case the peaks are sharp inditdaingjgnificant numbers
of clay layers are retained in the clay platelet stacks

The composite produced from C15A clay only exhibits a very sligbtlder at
2.91° 2 which corresponds to a (001) spacing of 3.037nm. This is idetaica
the raw C15A clay and would indicate that there has been moatagon of this
material by the G21 but the intensity of the peak is few. This reduced

intensity of the peak may indicate that the overall strucisira mixture of



exfoliated and pristine clay which would be a most unusual nanuzsita
structure. The polymer structure as derived from the XRA gasimilar to that
observed for C10A

Cloisite 30B nanocomposite resulted in an intercalated oamoasite structure.
The (001) spacing of the clay increased from 1.786nm (priskayg © 2.63nm
for the nanocomposite indicating significant penetration ofpiblgmer chains
into the clay galleries. The structure of the polymer islamio that observed for
the previous organoclays C10A and C15A.

The final G21 based nanocomposite produced with C93A clay rdsult@
micro dispersed nanocomposite. The initial (001) spacirigeo€lay was 2.35nm
while after melt processing the (001) spacing of the clay édwced to 2.12nm.
Overall this indicates that intercalation of polymer okanto the clay galleries
had not occurred. And rather the clay exists as a micro dispen the polymer
matrix. The polymer behaves as seen for previous organaeitysimilar peaks.
The overall shape of the XRD spectra obtained for G21 narmmsitas shows a
significant broadening of the peak compared to the raw clayrandindicate

that a number of structures with different spacing may beptes

4.3.2 Crystallisation behaviour of G21 nanocomposit  es

G21 and its nanocomposites were investigated by DSC andfewerd not to
exhibit any peaks associated with crystallisation or crysédling. This indicates
that under similar conditions to those used for other PA’'s G2ainmrphous in

nature with or without the presence of clay.

4.4 T5000/organoclay nanocomposites

Trogamid T5000 polyamide is a high temperature amorphous mateniziadjg
used in applications where thermal stability and excebptital properties are
required. This material provided further opportunity to investigate
nanocomposite formation with amorphous polyamides. In addition to its

amorphous nature the T5000 also offers good potential for compatibitity
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PET in exfoliation transfer approach for the improvement of, @arrier

properties.

4.4.1 Morphological characterisation of T5000

nanocomposites

As per the G21 polyamide T5000 is only available in one méec
weight/viscosity grade hence only an investigation of thecefif surfactant will
be conducted. Similar to the case for G21 there is no knowatliter relating
directly to the preparation and properties of nanocomposite thigkhmaterial.
The range of clays used previously in the investigation of @Willagain be
employed to investigate this polyamide providing a direct comspaiof the two
amorphous types of polyamide with aromatic structure.

In Figure 4.4.1-1 XRD traces for T5000 and its nanocomposiesefl with
CNa’, C10A, C15A, C30B and C93 are shown.

As would be expected the unmodified polymer does not exhibit any e ke
low angle region where (001) peaks for clay are detected. Tiwsemebroad
amorphous halo centred on 17° and also there are further smagll gkaks at
38.24° and 43.68° similar to those observed for G21. This indicates small
scale ordered structure and hints at some structural simesabétween the two
materials such as the aromatic ring.

The nanocomposite produced with unmodified sodium form clay (Od¥ibits
only a low broad peak at 7.38° corresponding to (001) spacing of 1.20nsn.
value is similar to that observed for the raw clay and itelicahat no
intercalation of the clay has occurred. This would be expedtet ghe highly
hydrophilic nature of the raw clay interlayer as compatpitietween polymer
and clay will be very low. With the addition of clay theotWw5000 peaks at
38.24° and 43.68° have disappeared and the large amorphous halo teas shif
slightly and is now centred on 19.24° indicated some structinahges have
occurred in the polymer due to the presence of the clay. drhpasite produced
from T5000/C10A exhibits a (001) peak at 6.08°, corresponding to d basa
spacing of 1.455nm. Similarly peaks for C15A and C30B are also fautids
angle. This indicates that some intercalation of the polymeodmasgred and that

the interlayer cations have been replaced by the polymar asnbination of
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polymer and surfactant would be expected to produce different (pat)ngs
dependant on the contribution of the surfactant. Overall this iedidhat the
interactions between the polymer and C10A, C15A and C30B arfficient to
produce exfoliated nhanocomposites.

A slightly different picture emerges in the case of C93Ais nanocomposite
exhibits a large broad peak with shoulders at 4.22° and 6I0&%e two peaks
correspond to clay basal spacing of 2.095nm and 1.471nm respeciivisly.
possible the larger of the two spacings observed reswts frolymer and
surfactant occupying the interlayer as C93A exhibits the highesnal stability
(335°C for 5% wt loss) compared to the other clays. Allclags tested resulted
in the same change to polymer structure as described fof i@tiaating this

phenomenon is directly related to the presence of the ctag ipolymer.

—— T5000 —— CNa+ CI10A C15A —— C30B —— C93A

rel intensity

0 10 20 30 40 50

2 thetadegree

Figure 4.4.1-1 XRD spectra for T5000 and T5000 nanomposites

The XRD scans obtained for T5000 are typical of those expémtéatercalation
although it is of note that the interlayer distance is reddicethe clay in this

case.
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4.4.2 Crystallisation behaviour of TS5000 nanocompos  ites

Similar to G21, T5000 was investigated by DSC. No crystalbehaviour was

observed indicating T5000 is an amorphous polymer under normal conditions.

4.5 Summary and Selection of materials for exfoliat ion
transfer approach

The results obtained for polyamide nanocomposites indicatestlibee are
several important factors which can influence the type afonomposite
produced. These main factors are the polarity of the polymer the
concentration of amide groups), the molecular weight of thempelypolymer
viscosity), polymer surfactant compatibility and thermalbgity of the clay
surfactant.

Of the polyamides studied PA-6 has the highest concentrationidé ajroups.
PA-6 is also the best material for producing highly disperseteomposites
with a (001) basal spacing of greater than 4.37nm observe®@i,C93A and
128 organoclay indicating delamination of the clay layershéindase of MXD6 a
highly dispersed nanocomposite was only achieved with the CO3actay
and this is the next most polar PA of those studied. In the Gl ardy C15A
produces a nanocomposite with a high level of dispersion, bhisicase there is
a weak (001) diffraction peak present indicating complete exfwlichas not
occurred. Similarly the T5000 PA does not produce highly dispersedagetbl
type nanocomposites. The effect of polymer polarity on the eximh potential
is summarised in Figure 4.5-1.

A second variable of importance to the exfoliation potentiahefdrganoclay is
the polymer viscosity. In the study of PA6 it was possiblentestigate the
phenomena by using a single clay to produce nanocomposites withffeterdi
viscosity PA-6 materials. The results clearly suggeat &s viscosity increases
exfoliation of clay platelets is more easily facilddt Explanations provided in
previous research indicating the importance of shear during nbled
compounding process are expected to be responsible for the tornuti

nanocomposites with improved dispersion.
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Figure 4.5-1 The effect of polarity on the abilityof PA’s to exfoliate clays

Surfactant polymer interaction are also believed to haweesimportance in
promoting a high level of dispersion but our results show this teffenot as
important as direct polar interactions between the polymethendlay. It is our
belief that the main function of the clay surfactantigptovide an environment
that is initially sufficiently compatible with the polyan and which increases the
(001) basal spacing to such an extent that an initial diffusiggolymer chains
into the clay interlayer is possible. In terms of the suafaststudied it is evident
that those with greatest compatibility toward the polymerh(sag C30B) do in
fact promote dispersion but those with the least compatil§{il5A) seem to
hinder the dispersion process (for the highly polar PA-6). Therndeviation
from this theory is the effectiveness of C93A as a swafactor polyamides
indicating that polarity of the polymer is important but also tiwet thermal
stability of the organoclay is also important

The final factor which can influence the formation of the nangmosites is the
thermal stability of the surfactant. In the case of@#he thermal stability of the
commercial organoclays is sufficient to be ruled out asrgrortant factor but
for the higher temperature polyamides investigated (MXDB1 @nd T5000)
degradation of the surfactant could be a significant issugaddegradation at
the processing temperature. It is suspected that loss fattsunt from the clay

surface inhibits the initial compatibility provided for intelatéon and also causes
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the clay interlayer to collapse further preventing diffustdrpolymer into the
clay galleries. This may explain the good performance obtain&dGa3A as its
thermal stability is higher than the other clays investiga

Based on these results materials have been selecteddestigation as Polymers
for the transfer of exfoliation into PET. Based on the lleak exfoliation
achieved PA-6 is a clear choice for further investigation.atdition the
combination of MXD6 with C93A also offers a good choice fortHer
investigation as it is the only MXD6 nanocomposite of eatelil nature and
MXD6 is well known to offer reasonable compatibility with PEor G21 and
T5000 no composites of a highly exfoliated nature were produced liheses
materials offer potentially unique properties due to theiorpmous nature and
high compatibility with PET an initial study of their compalitlgi with PET and

effect on CQ barrier properties will be conducted.
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5 Exfoliation transfer blends of PA

nanocomposites with PET

The overall aim of the work conducted in this chapter isniestigate the
possibility of using the much better understood technology of polyamide
nanocomposites to produce masterbatches that can be used te mxidliation

of clay in PET. It is hoped by blending a pre-exfoliated poige based
nanocomposite, transfer of the exfoliated clay platelets imtdotik of the PET
matrix can be achieved. If this effect is achievedgaificant improvement in
CO; retention should be possible. Overall this effect will r@hythe reaction of
functional groups present in the chain ends of the PET an@Alseto produce

in-situ block copolymers with resulting exfoliated claysaswn schematically in

Figure 5-1.

Figure 5-1 Schematic of exfoliation transfer throug PET/PA blending approach

The data presented in the following chapter aims to estabtisis approach can

be used and which PET/Polyamide composites provide the besinpenize.
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5.1 Blends of PET with PA’s

The first step in assessing the potential of polyamidearfaxfoliation transfer
blending approach is to investigate the compatibility of theygmoide base
polymers with PET. To this end simple physical blends ofpihlyamides at
5wi% are assessed by blending in a Boy injection moulding macfas
described in section 3.2.5.6). In addition, Hansen total solulpditameter and

fractional Hansen parameters were calculated.

5.1.1 Compatibility of PET/PA blends

The Hansen solubility parameter data calculated for PETttandPA materials

under investigation is presented in Table 5.1.1-1.

Table 5.1.1-1 Hansen solubility parameter behaviouior polymers

Polymer total d p h
IMPa'? IMPa'? IMPa'? IMPa'?
PET 21.3 17.9 6.9 9.1
PAG 22.7 19.6 8.7 7.5
MXD6 20.9 18.8 5.6 7.1
G21 19.9 17.9 5.3 6.9
T5000 16.4 15.2 1.2 6.3

The total solubility parameter data suggests MXD6 will roffee greatest
compatibility with PET. Both PA6 and G21 are 1/MPa’? in different from
PET with PA6 above and G21 below. The T5000 is expected to bedke |
compatible based on the total solubility parameter. Thpedsive components
are all relatively similar (less than one unit differénoempared to PET with the
exception of T5000. In addition, the polar component of the totalnpeter is
much lower for T5000 than for the other polymers due to a lowedleagroup
concentration. Overall the contribution due to hydrogen bonding is limwvéne
PA’s than the PET. A TEAS plot of the fractional contributiossshown in
Figure 5.1.1-1.



PET

MXD6

T5000

Figure 5.1.1-1 TEAS plot of polymer compatibility

Overall the TEAS plot reinforces the solubility parametata and indicates all
the polymers with the exception of T5000 should exhibit some element of
compatibility with PET.

The plaques produced from the 5 wt% blend of PET with PA’sshosvn in
figure 5.1.1-2. Of the polymers investigated PA6 has #astl compatibility
based on a visual assessment. Based on a simple l#avdis like approach to
compatibility this would be expected as PET contains aromatidiile PA6 is
aliphatic in nature. This indicates that structural factars significantly affect
the compatibility as Hansen solubility parameter data itelicghat PET and
PA6 may be compatible. G21 also exhibits poor compatibility feomisual
perspective despite its closeness to PET in solubilitgrpater terms. This may
be due to the increased length of the aliphatic chain cadparthat in the PET

(i.e. 6 carbon atoms compared to 2 for the PET).
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(c) Morphology Characterizations

X-ray diffraction (XRD) anal is was performed on ;
Bruker D8 diffractometer with ragg-Brentano =%
geometry (40kV and 40mA). Diffraction patterns were
obtained for 26 in the range from 2‘? to 30° with a step size
of 0.04° and a count time of 2s pet" step. T@smssnon
electron microscopy (TEM) was p rformed using a J'EOlL
1200EX, operated at 100kV. 'They detailed sample
preparation procedures for XRD and TEM can be found
elsewhere [10, 11].

(d) Oxygen Permeability Measurements

Oxygen permeability values of neat epoxy and
epoxy/a-ZrP nanocomposites were measured using_ a MAS
500 oxygen diffusion system (MAS Technologies Inc.,

Zunk 2=—to the ASTM D3985-95
SiE ( “yrmed
at 5%PA6 '
3 was
A ship

W by
th 1 est

(e) Mechanical Property Characterization

Tensile properties of epoxy/a-ZrP nanocomposites
were tested, based on ASTM D638-98 using Sintech-2
screw-driven mechanical testing machine at a crosshead
speed of 0.508 mm/min (0.2 in/min) at ambient

tefnperature. Mo S i = and elancation st break
o~ cach san imens
per samp 5%G21 orted.
LCynaaic X £ using
a REA lixed frequency of 1 Hz
and with mcreasing temy C per step, ranging from
- 50 w0 250 inusoida wn-amplitude of 0.05% was
caessn for the analysis. The maximum point on the tan &
Curve was Shosen as the glass transition temperature (T,) of
tle sample

Hesults and Discussion

 Figure 1 presents the XRD patterns of pristine o-ZrP,
intercalated o-ZrP  with surface modifiers, and fully
exfoliated a-ZrP/epoxv nanncamnacite racmanticale To sl

shows an inc;a;e—&' the basal
mAgs#inntinm  The disappearance of

nano. ..., e +--_-nts the evidence that a hi
exfoliation has been achieved on the surfa

ZrP layer structures (Fig. 1(c)). The XRD
1(c) only exhibits a broad hump at around 18° in
is corresponding to the amorphous epoxy matrix.

Figure 2 shows the XRD patterns of epoxy/
nanocomposites with three different levels of a
All three XRD patterns show the amorphous epoxy h
arcund 182 of 20. In the case of the ‘poor exfoliation’
Fig. 2(a), even though all the peaks from pristine o
have disappeared, new peaks from intercalated o-ZrP I
can be observed. This indicates that intercalated o-ZrP
layers still exist ifi epoxy matrix. [¥RT the
better exfoliated nanocomposites, 4 (©
do not show any sharp peaks, indi 5%Mx lh(e:j
have relatively high degrees of] —____Aminos
differ=nce between XRD patterns in Fig. 2(b) and Fig. 2(c)
is for'=d. Direct observation using TIEM is further performed
to disiinguish the morphological difference between them.

15 confirm the differences in degree of exfoliation of
each sample, additional optical micfoscopy (OM) and TEM
investigations were performed. In|this report, only TEM
im ces are presented since no difie: can be d d
bet..ccn the moderate and good exfoliation cases using OM.
Figure 3 contains three TEM images showing (a) poorly
dispersed, (b) moderately exfoliated, and (c) highly
exfoliated a-ZrP nanoplatelets in epoxy matrices. All the
samples contain 2 vol% loading level of a-ZrP nanoplatelets.

As expected from the XRD patterns, the TEM image of
epéxy with poorly dispersed a-ZrP ¥* Bk of
highly intercalated a-ZrP domains. o, 3(b)
andl 3(c), i.e. the moderate and good 5%T5000 TEM
canm clcarly differentiate their morphprugicar unvivac€s.

“igure 4 presents the normalized oxygen permeability
of the nanocomposites with three different levels of degree |
of ex foliation. The normalized oxygen permeability
are decreased by about 25%, 45%, and 55%, re g
far the three levels of exfoliation} it is eveident t
improvement in gas barrier properties of e
nanocomposites varies according to the
ex¥oliats of ot ZrP nansfillers: s o st

The tensile moduli, elongation-at-break, and
toughness appear to vary with the degrees of

Figure 5.1.1-2 Comparison of haze for PET with 5wt%different PA’s

The clarity of MXD6 and T5000, although not equal to the unmodified BET i

very good. In the case of the MXD6 this is not surprising wheniadernsg the

Hansen solubility parameter data and the obvious structumdbsties. More
surprising, is the very good clarity of the T5000/PET blend. @ase the
solubility parameter data alone this would be expected toebledist compatible

blend. The reasons for this behaviour are not clear.

5.1.2 Influence of polyamides on the crystallisatio

n behaviour

DSC measurements were performed on samples removed fr®npldques

shown in Figure 5.1.1-2. The scans were conducted on a heat — duat



programme as described in 3.2.5.3. The initial heatingsare shown in Figure
5.1.2-1.

N

s AN
BERY AN

— PET — PAG 5% MXD6 5%
G21 5% —— T5000 5%

80 100 120 140 160 180 200 220 240 260 280
°C

relative heat flow

Figure 5.1.2-1 DSC heating scan of as extruded pst comparing PET with 5wt% blends
of PA’s

From the DSC trace it is evident that the presenceagflths very little effect on
the melting behaviour of blends but does significantly affect toéd
crystallisation behaviour. The cold crystallisation terapge, T for PET is
127°C and is reduced to 118°C, 125°C, 118°C and 126°C respectivBlyt¥or
blends with PA6, MXD6, G21 and T5000. For PA6 and G21 the reductidg in
is particularly large and may result in difficultiestive bottle blowing process i.e.
the onset of premature crystallisation as preforms pass thtbediottle blower
ovens prior to blowing. The crystallinity of the plagues wdsutated as 9.35%
PET, 11.03% PET/PA6, 9.13% PET/MXD6, 13.75% PET/G21 and 14.40%
PET/T5000. The MXD6 blend has similar crystallinity to tHeTPRstandard and
also has similar Jindicating that overall this combination has the least efiact
PET. From T and crystallinity data it is evident that the other nylans as a
nucleating agent.

The behaviour of the blends on cooling from the melt is shown uréig 1.2—-2.
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relative heat flow

—PET —— PA6 5%
MXD6 5% G21 5%
—— T5000 5%
T T T T T T

100 120 140 160 180 200 220 240 260
°C

Figure 5.1.2-2 DSC cooling of PET and PET blends thi5wt% PA’s

Interestingly, from the DSC traces it is evident thabP&21 and T5000 hinder
nucleation from the melt resulting in reduced(%-7°C) compared to the PET
and control and the PET/MXD6 blend. As per the initial heaticgnsthe
behaviour of the PET is most closely mimicked by the PETMXlend.

The second heat DSC traces for PET/PA blends are shown ie duf—3.

—PET —— PAG6 5%
MXD6 5% G21 5%
—— T5000 5%

relative heat flow

140 160 180 200 oC 220 240 260 280

Figure 5.1.2—-3 DSC crystal melting of PET and PETIbnds with 5wt% PA’s
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Overall the melting behaviour during the second heating scamiiarsfor PET
and all the blend materials.

In summary the melting behaviour of the PET blends is the santleat of the
base PET but the crystallisation behaviour is changed. Imstesf the
crystallisation behaviour MXD6 has the least impact orPfB& retaining almost
identical properties to the base resin. This is due @bitgy to crystallise under
similar conditions to PET and its similar processing teaupee. The other
polyamides have a nucleating effect during cold crystatisabut retard
crystallisation when cooling from the melt. It is likelyathwhen the material is
cooled during the injection moulding process the PA forms ldogeains which,
act as nucleation points on heating from cold. Conversely wbeling from the
melt the inability of the PA’s to crystallise/co-crghise must inhibit the PET

chains and prevent them crystallising as easily.

5.1.3 Gas barrier properties of PET/PA blends

To examine the gas barrier properties dry pellet blends Eof ®ith high
viscosity PA6, MXD6, G21 and T5000 were produced with 5/wt%thef
polyamide. The process for producing preforms and bottles is desciib
section 3.2.6.1 in detail. As indicated in section 5thdre is a considerable
difference in the compatibility of the different polyamidesh PET. A similar
pattern was observed in the moulded preforms i.e. that PA6 angrG@dced
preforms with a high level of haze while MXD6 and T5000 producefbipns
with some yellowing but essentially transparent. When bloawulding was
conducted it quickly became evident that the haze present PERAPA6 blend
was due to crystallisation. The PA6 acts as a nunlgaitjent for the PET from a
cold state resulting in premature crystallisation of thefqum in the bottle
blowing process. This indicates that PA6 is unsuitable for iexifmh transfer due
to its nucleation properties. It was found that blends with MXG21 and T5000
could all be blown easily into bottles for g@@sting. The PET/MXD6 bottle had
the least haze while both G21 and T5000 produced bottles witHicamhihaze.
It is worthy of note that transparent preforms of T5000 produceyl liatles. It
is likely that although compatible with PET in the amorphousisphon

orientation the developing crystals appear to have foleed 5000 domains to
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coalesce into larger domains which, negatively impactophieal properties of
the bottle. Overall the only bottle of reasonable aesthetipepties is the
PET/MXD6 blend.

The measured CQOetention properties of the 5 wt% blends of PET with MXD6,
G21 and T5000 are shown in Figure 5.1.3-1
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Figure 5.1.3-1 CQ loss from PET and PET blends with 5wt% PA’s

From the results it is clear that the PET/MXD6 blend comaldg improves the
bottle CQ retention compared to the PET control, PET/G21 blend and
PET/T5000 blend. The barrier improvement factor - BIF (ratithefCQ of a
standard bottle compared to that of a bottle containing a Baotethis blend is
2.04 indicating that the shelf life of the package could fiectively doubled.
Both PET/G21 blend and PET/T5000 blend exhibit improved, @®ention
characteristics compared to the PET control but the improveisentt as
significant as that noted for PET/MXD6 blend (BIF 1.29 and201
respectively).The considerable improvement of the MXD6 blend acedpto the
other Nylons is in all likelihood due to its semi-crystadlinature in comparison
to the other PA’s which are amorphous. The amorphous nature oRthart
T5000 prevent them from co-crystallising during the bottle blowinggs® thus
the ultimate barrier performance is reduced compared BEAEMXD6 blend.
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5.1.4 PA nanocomposite/PET blends

From the initial investigation of PET blend @@etention it is evident that
PET/PAG6 blends are unsuitable for nanocomposites blend approach thes t
strong nucleating effect on PET. Previous results have showthépresence of
clay in PA6 considerably nucleates the PA6 hence it ig ¢tet PA6 based
nanocomposites would have an even stronger nucleating effecP &&alone.

In addition the results have also shown that the G&rier properties of PET
blended with both G21 and T5000 are inferior to PET/MXD6 blends ©
these factors only MXD6/C93A nanocomposite has been selectedefuatir
with PET and C@batrrier testing.

Preforms were produced from a dry blend of PET with 5/wt% MXD6
nanocomposite, which itself contained 5/wt% C93A organoclay. Inateddiit
was evident that the inclusion of clay in the MXD hadnge the material
significantly compared to the PET/MXD6 blend. The preformsewery hazy
and it was quickly determined that they were crystalline amtd it would not
be possible to produce bottles for £@sts. This is not surprising as it was

shown previously that the clay has a significant nucleatingteffethe PET.
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Figure 5.1.4-1 CQ ,ssfor PET, PET/5wt% MXD6 and PET/5wt% MXD6 nanocomposite

The use of a 5wt% clay MXD nanocomposite was chosen to produogmsiies

with 0.5wt% loading of organoclay in the final product. In orideovercome the
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premature crystallisation hurdle a 1wt% clay MXD6 nanocomposites
produced. It was found that this material could be effectibkpded with PET
to produce bottle preforms that could be blown into bottles reddily results of
this nanocomposite blend along with a PET control and a PET/MX&%®I are
shown in Figure 5.1.4-1.

These results indicate that both the nanocomposite blend apdlytmeer blend
improve the CQ@retention characteristics of the PET considerably. Bl&egof
1.90 for the nanocomposite blend and 1.85 for the polymer blend besre
calculated. This indicates a slight improvement for the Namposite blend
compared to the polymer blend but error bars of one standaiatidevindicate
no real difference between these results. There asradepossible explanations
for this lack of efficacy for the organoclay in improvibgrrier. The most likely
explanation would be insufficient clay content to significamiuence the CQ®
barrier properties, or alternatively, due to the clay bemzprporated in the
MXD6 there has not been transfer of the clay to the PEfixmai.e. the clay is

retained exclusively in the MXD6 phase.

5.2 Novel processing of PET/MXD6/organoclay hybrids

The results from blending PA nanocomposites with PET indicatentimoved
barrier properties are predominantly due to the presence pblymmide and the
clay has little influence. Due to nucleation of the BYA organoclay the PET
itself was in turn nucleated resulting in only low levelzialy (0.1 wt%) in the
final bottle. In addition, it is likely that the cldyas remained incorporated in the
PA domain due to low levels of ester-amide interchange as shahwematically

in Figure 5.2-1.

In order to overcome these problems i.e. increase the @dinpand reduce the
nucleating effect several new processing strategies weedogped that involve
the use of twin screw extrusion to blend the PET/PA and organpitayto any
injection moulding. Three main process groups were comparedelyam
compound approach whereby the material was processed with thectcor
proportions to allow bottles to be produced without the addition gfrviPET.

Secondly a masterbatch approach was investigated whereby émel bl
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constituents are added at a ratio which allows the resuttasterbatch to be
added at a fixed concentration to virgin PET in order ¥e @i final product with
similar loading to the compounding approach. Within these twoepsiug
approaches the effect of pre-blending the PET/PA component padidition of
the clay compared to the effect of adding all the blend consti#tuegether and
the effect of catalyst addition is examined. A final aagh is also undertaken
where the clay is pre-extruded with the PA and then extrwddgdthe PET as
further step. This masterbatch can be added to virgihiREhe correct ratio to
produce materials with similar final composition as the previoathaas. This
was done both with and without catalyst. The catalyst uséuese experiments
was Titanium iso-propoxide which has been shown to be anieffacttalyst for

esterification and ester-amide interchange reactions [170].

‘ H --‘--- #

‘ Dispersed MXD6
domains
containing clay
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pathway

Y

Figure 5.2—-1 Schematic showing improvement in barer due to PA rather than clay.

The composition and designation of each novel blend is shown in $able

Each blend is named by type of process (i.e. direct todneld, masterbatch —
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M or PA nanocomposite — N). Where the PET and PA componentsbieave
pre-blended prior to addition a P follows the first letter. usidn of catalyst is
indicated by the prefix ¢ prior to the remaining product codes Tbvel
nanocomposite blends were designed in order to produce novel hybrid bottles
with 5 wt% MXD6 and 0.5 wt% organoclay

The make up of these blends also allows the PET to be maeepamiar, which
potentially will make the polymer more polar thus, based onesalts obtained
for polyamides could improve the polymer clay affinity thus rasylin better
clay dispersion. The use of a masterbatch approach allowewbleof polar
Polyamide to be greatly increased (i.e. 20% of polymer wriglater polarity). In
addition, the addition of catalyst may promote a much highet hester-amide
reaction thus improving the PET/MXD6 compatibility.

Table 5.2-1 Novel blends designations, processingdacompositions

Code

PET MXD6 C93A MXD6 Nc | Ti catalyst
(wt%) (wt%) (wt%) (wt%) (Wt%)
D 94.5 5 0.5 - -
c-D 94.3 5 0.5 - 0.2
D-P 94.5 5 0.5 - -
c-D-P 94.3 5 2 - 0.2
M 78 20 2 - -
c-M 77.8 20 2 - 0.2
M-P 78 20 2 - -
c-M-P 77.8 20 2 - 0.2
N-M 80 - - 20 -
c-N-M 79.8 - - 20 0.2
5.2.1 Morphological characterisation of PET/MXD6/or  ganoclay

hybrids

The morphological characterisation of these novel hybrid PEDBIXay

hybrids will be studied using XRD and POM (polarised opticédroscopy)
techniques.



The XRD micrographs of the PET/MXD6/clay blends produced byditeet to

mould approach are shown in Figure 5.2.1-1.
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Figure 5.2.1-1 XRD spectra for novel blends produckas compound with final bottle

composition (Cu x-ray source)

In the chart above the intensity of (001) peaks is low, as woultfected given
the relatively low loadings present in the composites.stample D where PET,
MXD6 and clay have been blended in a single extrusion stepptaks are
evident in the (001) region. The first peak is present aP 3vifch corresponds
to an interlayer spacing of 2.548nm. This is very similar éo(@©1) spacing of
the pure C93A clay of 2.356nm and indicates that no intercalatfiothe
organoclays has occurred. The second peak positioned at 5.97nnpaadrés
(001) spacing of 1.48nm indicating that some of the organoclay lmag
suffered some degradation leading to the collapse of the (OGihgpSample c-
D where the mix was prepared as sample D but with thei@uadf titanium
catalyst no (001) peak is present indicating improved dispersiorthe
organoclay in the polymer blend.

Samples D-P and c-D-P where the PET and MXD6 have bedrigmded there
are no peaks evident within the (001) peak region indicating iredrdispersion
of organoclay. Overall these results indicate that improviegcompatibility of
the PET and MXD6 component whether by the use of catalyst toopgosster
amide change, physically pre-blending the polymers prior to thei@ddit the
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organoclay or by a combination of both techniques can improve the cl
dispersion in the polymer.

relative intensity

0 10 20 30 40 50
2 theta ©

Figure 5.2.1-2 XRD spectra for novel blends produckas a masterbatch (Cu x-ray source)

Further novel blends produced via a masterbatch approach contamedha
greater quantity of organoclay (2wt% compared to 0.5wt% fordihect to
moulding masterbatches) and a much greater quantity of MX®g2Pwt%
compared to 5wt% for the direct to mould blends). The XRDhsdar the
masterbatch blends are shown in Figure 5.2.1-2.

From the XRD scans it can be seen that sample M when REDS and clay
were directly blended a broad low peak can be observed at. 4188
corresponds to a (001) spacing of 1.831nm indicating that some degnaofa
the organoclay may have occurred. In the case of the cadadymlogue, sample
c-M no (001) peak is visible indicating improved dispersion ofdiganoclay.
This further strengthens the observation that the presemeagadyst can assist in
the clay dispersion process. Samples M-P and c-M-P whelREfieand MXD6
components are pre-blended with and without catalyst prioayoaddition both
exhibit (001) peaks at 4.54° and 4.34° respectively. Theses/abrrespond to
(001) spacings of 1.947 and 2.037nm, lower than the parent clay J9BA.



again indicates some degradation of the clay surfactantobasred. It is
possible that the presence of high levels of MXD6 in the bleddlze effects of
trans-esterification have resulted in reduced overall molecuéaght of the
polymer. Any reduction in molecular weight can hinder the pakfar shear
generation which can help clay dispersion. In additionldaeing of clay for
these mixes was higher and hence achieving a high levespérdion is more
difficult.

The final novel blends were again produced by a masterbatch alpfraathis
time the clay component had been pre-blended with the MXD6 golymorder

to provide a final clay loading of 0.5 wt% in the bottie MXD6 nanocomposite
had to be produced using 10 wt% clay. The XRD scan for the MXD6
nanocomposite containing 10 wt% clay is shown in Figure 5.2.1-3. For
comparison purposes a further nanocomposite of MXD6 containing 5wifb cla
was prepared and the original organoclay is included. Fromesht a very low
broad bulge is visible for the MXD6 nanocomposite with 5wt% claytred on
2.564°. This corresponds to a (001) spacing of 3.482nm but the intsnagyy

low suggesting a predominantly exfoliated nanocomposite with gderealated
clay present. Overall the nanocomposite has well dispenggthoclay. For the
10wt% organoclay nanocomposite the (001) reflection peak is meatecl The
peak is positioned at 2.589° corresponding to a basal spacingldh. The
10wt% composite clearly has an intercalated nanostructure g8Qh) distance
has increased from 2.356nm for the pristine clay. It magxpected that the
increased clay loading has prevented better dispersignysoue to a lack of
space for the exfoliated platelets at such a high loadihte may hinder the

exfoliation of the clay particles in the PET blending situation
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Figure 5.3.1-3 XRD spectra of MXD6/C93A nanocompds with 5wt% and 10wt%

organoclay (Cu x-ray source)
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Figure 5.3.1-4 XRD spectra for novel blends using XD6 nanocomposite (Cu x-ray source)

The XRD diffraction patterns for samples N-M and c-N-M thate produced

by blending a 10wt% MXD6 nanocomposite with PET both with and without
catalyst are shown in Figure 5.3.1-4. It can be seenthibag is no (001) basal
spacing present for either material indicating a good dispedditime clay. As

the nanocomposite portion of the blend had an intercalated s&utwppears
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that further melt mixing and dilution of the clay contens nelped to improve
the dispersion of the clay.

Overall the novel blends indicate that it is possible to pso&&sT, MXD6 and
clay by different methods with good dispersion. Lower MXD6 canfee. 5

wt% as in the compound samples) and the addition of catadgispra-blending

of the MXD6 and clay appear to produce the best dispersed nartosgs.

5.2.2 Crystallisation behaviour of PET/MXD6/organoc lay
hybrids

DSC analysis was conducted on bottle wall samples to aheweffect of the

organoclay on the bottle wall crystallinity and its behaviour udeling from

the melt to be investigated. In addition analysis of botiddl ensures all the

samples have a similar composition and like is compare#tdd.&. 5% MXD6

with 0.5% C93A clay.

Table 5.2.2—-1 Summary table of PET blends crystal etting behaviour

Sample Tnon°C | T,°C Tm end °C Hmijl/g %  (bottle
wall)
PET 239 248 254 47.39 33.8
5% MXD6 239 249 255 43.29 30.9
5% MXD6 ext 239 249 255 39.65 28.3
G21 240 250 255 43.15 30.8
T5000 239 250 255 47.42 33.8
D 239 250 255 43.82 31.2
c-D 240 249 255 38.40 27.4
D-P 239 250 255 34.26 24.4
c-D-P 240 249 254 44.12 31.4
M 239 250 255 44.43 31.7
c-M 238 250 255 46.22 33.0
M-P 238 250 255 47.06 335
c-M-P 238 250 255 45.75 32.6
N-M 238 250 256 44.46 31.7
c-N-M 238 250 255 43.40 30.9
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Table 5.2.2-1 summarises the melting data for bottle watipbes and includes
calculated crystallinity values. In general it can bensieom the T, data that the
melting temperature and range over which the melting odsunsaffected by
the incorporation of polymer and clay and remains stable regardif the

processing route followed. When the MXD6 is added to the PErfe tdoes

appear to be a slight reduction in the overall level oftalysity, possibly due to

the dispersed domains of MXD6 acting as a physical barrigystadlisation. As

would be expected the effect is magnified when the PET/MK&& been pre-
blended as the number of dispersed MXD6 phases will be indrehse to

reduced size and improved dispersion through the twin-screw iextrocess.

When the materials are processed in combination withcliwg to produce
samples there is again a reduction in the overall levelystatlinity for reasons
similar to those stated previously.

On cooling from the melt some differences in behaviour are al$e®SC

cooling scans for PET in comparison to PET/MXD6 and PET/MXPp&-(

extruded) are shown in Figure 5.2.2-1

\/l
8
g
T
PET MXD6 MXD6 ext
120 140 160 oc 180 200 220

Figure 5.2.2-1 DSC cooling of PET and PET/MXD6 blats produced using different

processing methods

As shown in previous scans for PET blended with MXD6 there isckeation
effect and crystallisation from the melt is occurs atgher temperature than for
PET alone. For MXD6 blended in the injection moulder theirEreases to
186°C compared to 168°C for the PET control indicating tha¥kie6 acts as a
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nucleating agent. The effect is greater when the PET/M4EE6 pre-blended
using the twin screw extruder and thgiJincreased to 191°C in this case. Two
effects account for this greater increase than that obsdovethe injection
moulder blend. Firstly the number of MXD6 nucleation points isciased in the
extruded blend due to better mixing of the MXD6 and secondly tiere
potentially a reduction in molecular weight due to the added mincehistory
resulting in easier crystallisation of the PET.

DSC cooling scans for novel blends produced as a compound with thet correc

material proportion for the final bottle are included in Figbiuz2-2

_—

rel heat flow
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Figure 5.2.2—-2 DSC cooling of novel blends producedith final bottle composition

Again the overall effect is nucleation of the PET. Irs ttase samples D and c-D
where the all the materials are added together in one extrasiortrease in I
to 193°C and 194°C respectively was observed. This incieatightly greater
than that seen for the PET/polymer blends without the clayralichtes that the
presence of the clay has a further nucleating effacaddition it is evident that
the use of catalyst has not affected the crystallisatiopepties of the samples.
DSC cooling scans are presented in Figure 5.2.2-3 for novedsyimbduced by

a masterbatch approach.
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Figure 5.2.2—-3 DSC cooling of novel blends producex$ a masterbatch

Again as would be expected there is a significant nucleaffect compared to
the standard unmodified PET. Interestingly the overall effedbwer than the
materials produced as a compound probably due to the addition ofmiaggmial
in the bottle which is not degraded and hence of higher RMM simder

crystallising.

rel intensity

PET N-M c-N-M

120 140 160 oc 180 200 220

Figure 5.2.2—-4 DSC cooling of novel blends producaging MXD6 nanocomposite
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The final set of materials investigated was those producgdg uMXD6
nanocomposite. The DSC cooling scans are shown in Figure 5.2.2-4

As expected there is a nucleation effect but againribisas significant as that
observed for the compound materials. Both samples hawg€IR1°C. This may
be lower than the compounds due to the clay being encompastedMXD6
and hence only able to nucleate the MXD6 rather than the WEIE€ matrix.

The second heating scan further confirms that therelesdittect on the melting
properties of the PET due to the inclusion of MXD6 and clath W}, onset
values of 238°C to 240°C,,Tvalues of 248°C to 250°C ang, €nd values of
255°C to 257°C.

5.2.3 Gas barrier properties of PET/MXD6/organoclay  hybrids

The gas barrier properties of the novel nanocomposite blendsewaikegated in
comparison to control PET bottles. In addition to the novel ramposite
blends MXD6 added at the injection moulding stage and MXD6bjgaded
were also investigated and compared to PET. ThelG€3 data for the MXD6

materials without clay are shown in Figure 5.2.3-1.

12
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Figure 5.2.3—-1 Comparison of CQ@ loss for 5wt% MXD6 blend via different processing

route
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This chart shows that there is a small loss of barrier popdnen the MXD6 is
pre-blended by extrusion prior to the production of the bottles. Titgnaphs

of bottle wall samples shown in Figure 5.2.3-2.

Figure 5.2.3—2 Micrographs of (A) 5wt% MXD6 low magification, (B) 5wt% MXD6
higher magnification, (C) 5wt% MXD6 ext low magnification and (D) 5wt% MXD6 ext

higher magnification with 100 m scale bars for low magnification and 50m scale bars for
higher magnification

In the figure A and B are micrographs of PET/MXD6 bottle watlduced at the
injection moulder. The figure shows some artefacts are prasémn bottle wall
but these are mainly transparent. In contrast in the casecaigraphs C and D
there are a significantly greater number of black specs atwgc increased
degradation has taken place due to the increased procesdong.HDegradation
of the polymer is very likely to reduce the overall barpgesperty of the bottle
and explains this slight reduction compared to the injection aeoyroduced
blend.

For the direct to moulding approach (Figure 5.2.3-3) it can betbaéthere is
little difference between the samples within error aftdndard deviation. This
indicates that when producing a hybrid material with the correnposition for
the final bottle the order in which additives are added (iledalitives added to



the extruder together or PET/MXD6 pre-blended) does not infludreceverall
CO;, barrier property. In addition, the use of catalyst to imprB&/MXD6
compatibility and hence polymer compatibility with clay dosst have an
influence on the overall gas barrier property. The BIF fes¢hmaterials was
calculated to be 1.66. This is a considerable improvementtbgennmodified
PET resin but is less than the BIF obtained for a physicaldbté PET with
5wt% MXD6 produced on the injection moulding machine (BIF of 12.05
have previously been obtained) or one produced by extrusion pre-blending of
PET/MXDS6. It is likely that due to the added processimyp stegradation of the
PET has taken place. This is supported by the considerabdeviyejl noted for
these materials and this may influence the subsequent rbamnoperties.
Examples of micrographs obtained for these materials are shdvigure 5.2.3—
4.
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Figure 5.2.3—-3 Comparison of C@loss for novel blend produced to final bottle compsition

A corresponds to D, B to ¢c-D, C to D-P and D to c-D-Ps ttlearly evident that
the amount of artefacts is increased considerably comparelgnds produced
with MXD6 alone. The artefacts evident are most likely daeiricreased
degradation and it appears the presence of clay incrédasegsroblem further.
The materials with catalyst (prefix c-) appear to exhibdre degradation and

resultant artefacts than their un-catalysed analogues whillsd appears that
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pre-blending (suffix —P) also has a detrimental effect due tintteeporation of

yet another processing step. Thus despite an improvementiier lpgoperties it

appears that increased degradation prevents optimisation ludirttner offered by
both the MXD6 and the clay.

Figure 5.2.3—-4 Micrographs of (A) direct to mould(B) direct to mould (catalyst), (C) direct
to mould (pre-blended PET/MXD6) and (D) direct to nould (pre-blended PET/MXD6 and
catalyst) all with 50 m scale bar.

For the hybrid materials produced as a masterbatch to be addegindPET at
25% CQ loss results are shown in Figure 5.2.3-5. Similarly to higrids
produced in proportions suitable for producing the final bottle those prddiyce
differing masterbatch approaches do not show any major differettbén
experimental error. The presence of catalyst or the pre-blemdif®RET and
MXD6 prior to addition of clay have no significant effect b final CQ barrier
properties. The overall BIF for these materials was oeited to be 1.7, again
much lower than that observed for a direct blend of PET and &/idduced
via injection moulding. In addition it appears that a MB apprasads not hold

any advantages in terms of g@arrier properties compared to a compounding



approach. When viewing the associated bottle wall microgrétps again

evident that significant degradation has occurred (Figid2-®).
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Figure 5.2.3-5 Comparison of C@loss for novel blend produced as masterbatch

Figure 5.2.3—6 Micrographs of (A) masterbatch, (B)masterbatch (catalyst) , (C)
masterbatch (pre-blended PET/MXD6) and (D) masterbtch (pre-blended PET/MXD6 and

catalyst) all with 50 m scale bar.
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As per the previous novel hybrid micrographs it is evident thadelgeadation is
worsened by both the presence of catalyst and the additiomtioér processing

steps.

25 ~
* PET = N-M  ¢-N-M

20 A

[ERN
a1
|

"

% CO2 loss
[N
o
|
i
3

i

0~ T T T T ]
0 20 40 gays 60 80 100

Figure 5.2.3 — 7 Comparison of C@ loss for novel blend produced with MXD6

nanocomposite

The final hybrid mixtures that were produced by blending nanocomposgite w
PET both with and without catalyst are shown in Figure 5.2.8s7per the
previous hybrid materials there is no difference in the @@ntion property due
to the use of catalyst. Interestingly the BIF for thesg¢emals was determined to
be 1.4, much lower than that seen for direct to moulding tigtannd masterbatch
hybrids. This could be due to the clay component being contairtééh vihe
nylon phase and not being distributed through the whole matrix.
Micrographs of this novel blend are shown in Figure 5.2.3-8 aditdte that
less degradation has occurred when the clay is added a®fpant MXD6
nanocomposite. In addition the effect of the addition of catalyst doehave a
significant effect. Overall this indicates that the presenf the clay and its direct

combination with catalyst are the main causes of degjcerda
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Figure 5.2.3-8 Micrographs of (A) nanocomposite bled, (B) nanocomposite blend (catalyst)

with 50 m scale bar.

5.3 Summary of PET/PA blending approach to barrier

improvement

The use of polyamides blended with PET has been demonstategrove the
barrier properties considerably with a loading of 5wt%. The tnediective
materials of the polyamides investigated was clearly MXihich resulted in a
barrier improvement factor of ~ 1.9, considerably highen tthe BIF observed
for the other nylon blends. Based on this result further bleneipgriments
were conducted solely on variants containing MXD6 nylon. The first
investigations were conducted on blends of PET with 5wit% MXD6
nanocomposite containing varying clay loadings. It is known fromeaulier
work that the incorporation of clay into MXD6 significantlyabeates the MXD6.
We have also shown that the presence of MXD6 in PET asaahsignificant
nucleating effect. It was therefore not surprising that redserioadings of clay
(5wt%) in the MXD6 resulted in bottle preforms that werestalfine and hence

it was not possible to blow them into bottles. A loading of 1vei®y in the
MXD6, when added to PET at 5wt% did allow the productiobaifles but the
barrier properties of these were only similar to those single PET/MXD6
blend. This indicates that either the loading of clay is tow to impart
significant barrier improvements (0.1wt% in the final botte)that the clay is
not dispersed within the whole polymer matrix and is confingdedy to the
MXD6 phase.
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In order to try and overcome these problems and produce blendsiltbathath
the barrier properties of the MXD6 and the clay novel blend roues devised.
These novel blending routes overcame the problem of crystallisattithe bottle
preforms and bottles with a final clay loading of 0.5wt% clagrevreadily
produced. Unfortunately the barrier properties of these maitevere not
improved as significantly as the simple blend of PET/MXD6.e62amination of
bottle walls sections using POM it was found that significagratiation had
occurred and it is surmised that this has led to the lowerhbped for barrier
improvements. It is significant that the blends produced usingMXiD6
nanocomposite had BIF lower than both compound and masterbatchamate
indicating that some benefit was obtained from the clay prebertddition it
was found that no improvement was obtained by using catalykeitmope of
promoting ester amide interchange reactions and hence greaipatibility of
the PET and MXD6.

Overall the addition of MXD6 at the injection moulding stage sgnificantly
improve the CQ® barrier of PET but when clay is incorporated no additional
benefit is observed. Using novel processing techniques it wadbleossincrease
the clay loadings but resultant degradation negated any beoiéfited by the
clay in terms of barrier improvement.
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6 Evaluation of direct intercalation/exfoliation of

clays in PET

In the literature to date, there has not been a completesams@sof all the
important properties of nanocomposites produced from commercig ol
clays produced by various research groups. This chapter vallstighe varying
morphologies produced and their influence on the crystallisatidnCQ barrier
behaviour of PET.

6.1 Morphological characterisation of PET

nanocomposites

The morphological characterisation of PET nanocomposites capdtly split
into those produced using commercial organoclays and those producgdwsi

own in-house modified clays. XRD was utilised to investigatentiorphology.

6.1.1 Commercial organoclays

The predominant group of commercial clays investigated wer€loisite range
produced by Southern Clays. The range of materials is as pgolyemide
investigations i.e. CNaC10A, C15A, C30B and C93A in order that a range of
polarity and hence potential compatibility can be investigated.

The XRD trace for PET with CNawith the virgin polymer and the raw clay
included for comparison is shown below in Figure 6.1.1-1 Thesuned (001)
spacing for the raw clay was 7.52nm, in good agreementpwithshed data. For
the PET/CN& nanocomposite a (001) spacing of 7.33nm was measured. As the
value for the raw clay and the nanocomposite are similarexpected that no
intercalation or exfoliation of the clay has been achie¥ée. unmodified CNa
has a highly hydrophilic interlayer and it is expected that tpethen of the less
hydrophilic polymer chains will not occur due to poor compatibilitydeein the

polymer and the clay surface.

174



—PET

— PETCNa+

— CNa+

rel intensity

2 thgta °

Figure 6.1.1-1 XRD Spectra for PET, CNAand 5wt% PET/CNa’ nanocomposite (Cu x-ray
source)

For C10A the initial (001) spacing was measured at 1.83nm wieleesultant
nanocomposite had (001) spacing measured to be 3.11nm (Figure 6Thd-2)
interlayer spacing has increased by 1.28nm indicating intéoalaf the
polymer chains into the clay interlayer. The presencectéar (001) peak for the
nanocomposite indicates that exfoliation has not occurred to 1@a gxtent
hence the composite produced would be classed as an iricala
nanocomposite. The reduced peak intensity of the nanocomposite cdnpare
the clay indicates that the number of clay layers pek $tas been reduced. This
further indicates that the mere incorporation of similamubal groups in order
to promote compatibility is not enough on its own to promote eximfiaof clay

in polymer.
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Figure 6.1.1-2 XRD spectra for PET, C10A and 5wt% BT/C10A nanocomposite (Cu x-ray
source)

For C15A and its PET nanocomposite (Figure 6.1.1-3) (001) spacir®y84sim
and 3.19nm respectively were obtained. The (001) spacing hraased slightly
(by 0.15nm) and in combination with the presence of (002) and (O0R} jtea
would be expected that a highly regular intercalated nanocommbsitture has
been formed. As the surfactant for C15A is highly hydrophobic low
compatibility with the PET would be expected hence an datated

nanocomposite would be expected rather than exfoliation of the clay

—PET

—— PETC15A

—— C15A

rel intensity

2 theta ©

Figure 6.1.1-3 XRD spectra of PET, C15A and 5wt% PEHC15A nanocomposite (Cu x-ray
source)
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From the Hansen solubility parameter data C30B was expexteave the best
compatibility with PET from the commercial organoclaysddsand hence the
greatest potential to produce highly exfoliated nhanocomposites XRD scans
are presented in Figure 6.1.1-4. The initial (001) spacintpefclay is 1.76nm
while after processing with PET to produce nanocomposite the (0&dipghas
reduced to 1.42nm (a reduction of 0.34nm). This indicates thatercatdtion of
the PET into the clay interlayer has occurred and that thacsant has degraded
to some extent resulting in the collapse of clay gallefiibss result is somewhat
surprising as C30B has similar thermal stability to C15A amach better
thermal stability to C10A and may be due to reactions lextwbe PET ester
linkage or PET end groups and the surfactant hydroxyl group thatgreddéve

in nature.
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Figure 6.1.1-4 XRD Spectra of PET, C30B and 5wt% PHC30B nanocomposite (Cu x-ray

source)

The final Southern Clays material, C93A has (001) spacing.3¥nin in its

pristine form which increases by 0.75nm to 3.12nm (Figure 6.1.T%s

increase is significant and confirms that a nanocompositetercalated nature
has been formed.
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Figure 6.1.1-5 XRD spectra of PET, C93A and 5wt% PEHC93A nanocomposite (Cu x-ray

source)

These southern clays materials provide a range of potentigatibilities with
PET from hydrophilic (CN§, polar (C30B), similar chemical groups (C10A)
through to hydrophobic materials (C15A and C93A). It is of note that
intercalation occurred in the more hydrophobic clays but not ipdle clays as
would be expected for a polymer such as PET that exhibits golaety such as
PET.

Further organoclays from alternative manufacturers (Sud Ché&heimentis and
Nanocor) were also investigated. Figures 6.1.1-6 and-8.&hbw the XRD data
obtained for the Sud Chemie clays N2 and N3010 which, are bttively
hydrophobic in nature but offer some compatibility in terms wiilar structural
groups (i.e. benzyl group). These two materials also allowndication of the
effect of the initial interlayer opening of the clay on tteemation of the
nanocomposite.

For N2 a change in interlayer spacing from 1.91nm (for the uriraddilay) to
3.09nm (for the nanocomposite) was observed, an increase of 1.I8sn.
indicates the formation of an intercalated nanocomposite. When N3010
organoclay is used the (001) spacing changed from 3.37nm for @u@octgy to
3.08nm for the nanocomposite. This constitutes an overall reductibe {©@1)
spacing of 0.29nm. Judging by the strong (002) and (003) peaks it istaxkpec

that an intercalated nanocomposite has been formed
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Figure 6.1.1-6 XRD Spectra of PET, N2 and 5wt% PEN2 nanocomposite (Cu x-ray

source)
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Figure 6.1.1-7 XRD spectra for PET, N3010 and 5wt%?ET/N3010 nanocomposite (Cu x-
ray source)

The N2 and N3010 clays are modified with the same surfaetasipt the length
of the alkyl chain differs. This results in the greater (afi4ance for the N3010
clay compared to the N2. From these results both nanocaepbsid the same
final (001) spacing indicating two things. Firstly the N3010ingeed an

intercalated nanocomposite and not merely the result of degradé surfactant
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and secondly that the initial distance between the clggrdadoes not have a

major influence on the final nanocomposite structure.
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Figure 6.1.1-8 XRD spectra for PET, B2010 and 5wt%®ET/B2010 nanocomposite (Cu x-
ray source)

Bentone B2010 organoclay from Elementis has an interesting alagtuse
(Figure 6.1.1-8). A (001) peak is evident at both 1.61° and54P £ and on
close inspection the relevant lower (00) reflections can tecwel i.e. (002) at
3.13nm and (004) at 6.32nm for the 1.61° peak and (002) at 9.11nm for the
4.51nm (001) peak. The 4.51° (001) peak obscures the 4.83° (003) p#a for
1.61° (001) peak. Two main explanations for this behaviour arenivatis some
formation of a surfactant bi-layer or that two differentfactants are used. When
the clay is processed with PET to produce a nanocomposite the(GDib)
spacing is 3.04nm indicating an intercalated nanocomposite agphbeduced.

The final commercial organoclay investigated was Nanomeilfrt#8 Nanocor
(Figure 6.1.1-9). The interlayer spacing for this clay was fdarge 2.54nm and
the associated (002) peak is just evident as a slight bul§82bm. When
processed the resultant nanocomposite has (001) spacing of 3.03imerease

of 0.49nm indicating the formation of an intercalated nanocomposite.
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Figure 6.1.1-9 XRD spectra for PET, 128 and 5wt% PE/I28 nanocomposite (cu x-ray

source)

In summary it appears that commercial organoclays are noblsuiar the
production of highly exfoliated nanocomposites in PET. Interedlat
nanocomposites are readily produced with a range of the claysyifactants)
with a nominal interlayer spacing of 3.1nm independent ofstirféactant. The
exceptions are CNawhere no intercalation has occurred due to the highly
hydrophilic nature of the clay and C30B where it appears hieasurfactant has

degraded to some degree.

6.1.2 In house modified clays

The first of the nanocomposites produced with in house modifgsd elxamined
was PET/PVP clay. The XRD scan for this materiahieven in Figure 6.1.2—1.
The clay had a 2 theta peak at 3.55° which corresponds to a (@Eing of
2.49nm. When processed with PET the interlayer spacinghefrésultant
nanocomposite was found to be 2.56nm. This indicates that no latencaof
PET into the clay interlayers has occurred. It also indgdhat the PVP has
formed a very stable intercalant for the clay that is dotesely affected by the
relatively high PET processing temperature. Based on tkeofantercalation of
the PET into the organoclay it is unlikely any significanpiovements in barrier

would be observed for this material.
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Figure 6.1.2—1 XRD spectra for PET, PVPNaand 5wt% PET/PVPNa" nanocomposite (Cu
X-ray source)

The XRD scans for sodium clay modified with CPBr are showkigare 6.1.2-2.
In the case of CPBr modification the original modified cé&ghibited a (001)
spacing of 1.75nm. On processing with PET to form a nanocoraptisit (001)
spacing was reduced to 1.47nm indicating that PET had faileddrcalate the
clay. The reduction in (001) spacing is indicative of théCiatercalated clay
structure undergoing some degradation. Again such a compositd woube

expected to have significantly improved barrier properties.

Similar to CPBr modified clay the CPCl modified versialso exhibited a
reduction in the (001) spacing after processing with PET as showigure

6.1.2-3. The initial CPCI clay had original (001) spacing.80dam which was
reduced to 1.50nm after nanocomposite processing. The (00lhgpsorery

close to that observed for the PET/CPBr composite and herae liecpresumed

that similar degradation of the surfactant has occurred dproggssing.
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Figure 6.1.2—2 XRD spectra for PET, CPBr clay and \®t% PET/CPBr nanocomposite (Cu

X-ray source)
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Figure 6.1.2 — 3 XRD spectra for PET, CPCI clay an8wt% PET/CPCI nanocomposite (Cu

X-ray source)

The final in house modified organoclay was epoxy modified CloiM8. The

relevant XRD scan is shown in Figure 6.1.2—4.
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Figure 6.1.2—4 XRD spectra for PET, epoxyC30B andw8% PET/C30BE nanocomposite

(Cu x-ray source)

In the case of 30BE the initial (001) spacing was 2.91nm.Altecessing with
PET the (001) spacing had increased to 3.18nm indicating afddon of PET

into the clay galleries and some level of PET to clayaat#on.

6.1.3 Summary of PET/clay morphologies

From the evidence provided by XRD it is evident that the c¢atated
nanocomposites were produced rather than exfoliated nanocompmsées fer
unmodified clays and those where significant degradation ofl&yesurfactant

has occurred.

6.2 Crystallisation behaviour of PET nanocomposites

The influence of the clays on the crystallisation behavidtine®PET is reported
in the following section. Tests were conducted on PET nanocompueiet

samples by a heat cool heat regime as described in chapter 3
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6.2.1 Commercial organoclays

6.2.1.1 1% heat — behaviour on cooling from the extruder.

The DSC heating scans for PET and PET nanocomposites proditicéZiaisite

clays are shown in Figure 6.2.1.1-1

——PET —— CNa+ —— C10A C15A —— C30B —— C93A

relative heat flow

80 120 160 200 240 280
°C

Figure 6.2.1.1-1 DSC initial heating for PET with Qoisite organoclays CN&, C10A, C15A,
C30B and C93A

From the scans it can be seen that the ‘Cilay significantly shifts the cold
crystallisation temperature from 125°C for PET to 116°GHernanocomposite.
In contrast the cold crystallisation is affected less the intercalated
nanocomposites with.values of 121°C, 128°C, 125°C and 121°C respectively
for clays C10A, C15A, C30B and C93A. Overall the changes arsigruficant
in terms of their potential effect on bottle blowing as theemains considerably
above the temperatures used for blowing bottles (circa. 9395°€C). In terms
of the melting behaviour there is neither little change ystat melting point nor
the temperature range over which melting occurs.

The level of crystallinity was calculated as describecchapter 3 for the as
produced nanocomposites in pellet form. The PET control and théCBEA

composite exhibited the highest levels of crystallinity ppraximately 14%
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followed by C15A (12.5%), C30B (12%), C10A (9.5%) and Ck&®6). Overall
this indicates that the presence of clay reduces the bil@ral of crystallinity
for Cloisite clays, probably due to the clay particles fogra physical barrier to
the formation of the largest most perfect crystals. €ktent to which the
nucleation and growth of crystals is hindered may, in padugeto the size of
clay particles after processing with PET. It can be etgukthat the largest
particles are left in the CNananocomposite where no intercalation of polymer
chains has occurred. The resultant large clay particlagdvbe expected to
provide a large barrier to the formation of large crystals also large and
effective nucleation points for crystallisation resultinglomver T, from cold
crystallisation. Of the other clay materials C30B does natgsssan intercalated
structure but rather one where the interlayer structure dléeppsed but does
contain hydroxyl groups with reactivity towards PET. It is gassihat the close
compatibility of these materials has resulted in bettgredsgson of the clay, even
without extensive intercalation of PET into the clay gadle Of the other clays
it would be expected that the order of dispersion of the wiayld be C10A is
less than C15A is less than C93A. All these samplesteglsin intercalated
structure implies interaction between the polymer and desy twould be
expected to be better dispersed than the unmodified clay.

To further investigate a link between dispersion and theatligation behaviour
POM was used to examine the dispersion of the clayseimaottle wall samples
for the Cloisite clays (Figure 6.2.1.1-2). From the POMcrographs the
inference that the dispersion affects the overall levehystallinity can be taken
as valid. The PET sample does show a limited number ohatsebut generally
remains clear while the CRaample which has the lowest crystallinity shows
extensive particles, some of which are clearly agglatedrtogether, up to a
maximum size of almost 106n. In the case of the C30B there are extensive
particulates but the dispersion is good and the particle sigmaller than that
observed for C10A (which it has greater crystallinity thame micrographs also
show the best dispersion for C15A and C93 that have thedisgsrsion and

lowest particle size from the micrographs.
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Figure 6.2.1.1-2 Optical micrographs of bottle walkection of PET and PET with Cloisite
organoclays with 100 m scale bar.

The DSC initial heating scans for the clays obtained froerradtive suppliers
(i.,e. N2, N3010, B2010 and 128) are shown in Figure 6.2.1.1-3. Thaé col
crystallisation temperature behaviour of the nanocompositeduped from
alternative organoclay suppliers was found to be fairly tymtavhat had been
observed previously with Cloisite clays with varied dependant on the clay
used. As per the Cloisite clays it would be expectedthi®apresence of the clay
would have minimum impact on the blowing behaviour of the comsositee

Tm was also found to deviate very little to that of PET cordftér the addition

of clay. This is in line with expectations based on thalte®btained for Cloisite

clays. The overall crystallinity values of these mate was found to be



generally lower than that observed for the Cloisite cld® 6%, N3010 5%,
B2010 6% and 128 7%). Based on the trends observed for the €ldsyts it
would be expected that these materials exhibit a similat Evdispersion to
each other but inferior to that of C15A and C93A in particulacrégraphs of

these materials are shown in Figure 6.2.1.1-4.

PET N2 N3010 B2010 —— 128

s
—\

relative heat flow

e

80 120 160 oC 200 240 280

Figure 6.2.1.1-3 DSC initial heating for PET with Qoisite organoclays N2, N3010, B2010
and 128

Figure 6.2.1.1-4 Optical micrographs of bottle wallsection of PET and PET with
organoclays N2, N3010, B2010 and 128 at 10& scale bar.
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Contrary to the expected poor dispersion all the clays from cthramercial
suppliers showed relatively good dispersion. For instance md2N8010 had
dispersion similar to C15A with reduced overall particle sidgle B2010 and
128 had dispersion similar to that observed for C93A, with gamable particle
size. This indicates that although for the Cloisite clayddiiel of crystallinity
act as an indicator for the level of dispersion this is notctee with clays
sourced from alternative suppliers. This indicates thatdifferences in clay
microstructure also play a part in the crystallisation behaviof the

nanocomposites.

6.2.1.2Cooling and re-heating after normalisation of heahistory

After the initial heating scan and removal of heat hisefurther cooling cycle
is carried out in order to determine the effect of theyslunder controlled

conditions of cooling and heating. Table 6.2.1.2 - 1 summatisegsults.

Table 6.2.1.2 - 1 Summary table for DSC cooling fra melt and crystal melting stages

Sample| Tcon | Te Tm end Hc Tmon | Tm Tmend Hm
ilg ilg

PET 204 195 180 45.273 236 247 253 46.973
CNa | 205 200 194 19.27% 231 249 255 18.640
C10A | 201 194 186 38.241 247 253 255 35.675
C15A | 197 186 176 36.293 237 250 255 38.391
C30B | 203 193 185 37.708 241 250 257 38.497
C93A | 205 197 190 39.341 239 249 255 38.781
N2 207 201 185 35.681 230 250 257 25.368
N3010 | 203 196 188 37.824 236 249 254 33.937
B2010 | 205 199 192 39.370 238 250 255 34.545
128 211 205 198 53.754 238 251 256 45.987

The data in the table suggests that for the Cloisitgsdhe presence of clay has

only a slight effect on the Ti.e. within 2°C of the PET control {TL95°C). The

two clays which produce the most significant difference ¢odbntrol are CNa
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and C15A. In the case of CNihere is little interaction between the PET and
clay and there are large agglomerations of clay madewiddich can readily
nucleate the PET explaining the elevatedoT 200°C. In the case of C15A
intercalation of the clay has occurred hence there is fisigni interaction
between the clay and PET. In addition from the POM thg ot the sample
seems to be significantly better dispersed. This indicabes there is improved
dispersion of the clay (i.e. the agglomerations are brokemdowd a greater
number of clay particles exist in the matrix) that nuateats hindered, in part
due to restrictions on chain mobility due to the intercalasiod interactions of
the clay PET and clay and also partly due to the numeroygpattcles acting as
a physical barrier to crystallisation. The DSC coolingnscfor the Closite clay

nanocomposites are shown in figure 6.2.1.2-1.

— PET — CNa+ — C10A C15A — C30B — C93A

\\P

~N/

relativ heat flow

120 140 160 oc 180 200 220

Figure 6.2.1.2-1 DSC cooling from the melt for PETand PET nanocomposites produced

from Cloisite clays

Further DSC traces for the organoclays from other suppliersharen in Figure
6.2.1.2-2. The clays produced by Sud Chemie (N2 and N3010) hadathurs

terms of XRD data, microscopy and initial heating scans telthved very
similarly, as would be expected given the similarity bé tsurfactants. On

cooling from the melt quite a significant difference in the b&ha of the
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nanocomposites produced has been noted. The N3010 composite hasTgimilar
to the PET control (196°C cf 195°) while the N2 based nanocompusste
significantly higher T of 201°C. This result is interesting as the microstruattire
the clay and the nanostructure of the composite are so simdandicates that
factors such as surfactant chain length can influencérthbproperties of the
nanocomposite. In the case of the Elementis organoclay, B2010dhetight
increase in the Jvalue to 199°C and in the case of the Nanocor 128 clag the
was a more substantial increase intd 205°C. Overall for the clays from
alternative manufacturers to Southern clays there appeérs & trend towards
increased J and a nucleation effect on the PET on controlled cooling tigm
melt. This may, in part be due to the microstructurénefdays. In chapter 4.1.1
we have seen that the microstructure of the i@ a broad range of shapes and
sizes with a notable angularity to the clay particlescdntrast when the raw
clays from Sud Chemie, Elementis and Nanocor were examihed t
microstructure was found to be much more regular in ternpaxicle size and
shape with a more rounded appearance for the clay particiedikely that the

clay microstructure has significant influence on the chyséion behaviour
based on these results.

— PET — N2 — N3010 B2010 — 128

N

relative heat flow

120 140 160 °C 180 200 220

Figure 6.2.1.2-2 DSC cooling from the melt for PETand PET nanocomposites produced
from N2, N3010, B2010 and 128 organoclays
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The melting behaviour of the nanocomposites after controlled coalisg
reveals some interesting behaviour. The DSC scans foraktrgstlting of

nanocomposites containing Cloisite clays is shown in Figure 8-21.

——PET —— CNa+ —— C10A C15A —— C30B —— C93A

TN

relative heat flow

180 200 220 °C 240 260 280

Figure 6.2.1.2-3 DSC crystal melting behaviour foPET and PET Cloisite organoclay
nanocomposites

From the data it is evident that a double melting peak is mvifbe all the
materials tested, with peaks at approximately 241°C and 25M€.indicates
either, the formation of two distinct crystal forms inTP&n cooling from the
melt or that a significant amount of re-crystallisation of BT occurs during
heating with the resultant formation of 2 crystal phasdh different melting
temperatures. In the case of PET control material the predompeak is at
241°C with the secondary peak at 251°C. In the case of PET/CNa
nanocomposite where there is little interaction between tieaPH the clay and
intercalation has not occurred the two peaks are split appreetimequally
between 241°C and 251°C whereas in the case of the organodieys w
intercalation has occurred and there is greater interactittre PET and clay the
primary peak is clearly that at 251°C with the lower tenajpee peak diminished
to a small shoulder within the larger peak. The meltingyxsdar the other
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commercial clays tested are shown in Figure 6.2.1.2-4 aneha@bs similar
trend.

Overall, this indicates that the presence of organocl@®Emn, when intercalated
nanocomposites or those with favourable polymer clay interactiad@B(Care
formed results in the preference for higher melting crgstaimpared to standard
PET or PET with poorly interacting sodium form clay. This highweslting

tendency appears to be a result of the clay polymer interactions

—PET ——N2 N3010 B2010 —— 128

T

relative heat flow

180 200 220 °C 240 260 280

Figure 6.2.1.2-4 DSC crystal melting behaviour forPET and PET nanocomposites
produced with N2, N3010, B2010 and 128 nanocomposg

6.2.2 In house modified clays

6.2.2.1 1% heat — behaviour on cooling from the extruder

The in house modified clays initial heating scans are shovgure 6.2.2.1-1.
For the cetyl pyridinium modified clays it is evident that sonueleation has
occurred for cold crystallisation as thghas reduced slightly from 125°C for the
PET to 119°C (CPBr) and 123°C (CPCI). In contrast the epoxy nubdfz®B
and PVP modified clay show a slight increase in the cold dligatéon
temperature to 128°C and 126°C respectively. Overall thifeeences are quite

small and would not be expected to significantly affect Iblodtle blowing
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process. The crystal content of these samples has beemidetéas 14% (PET),
9.5% (CPBr), 7% (CPCI), 9.5% (C30BE) and 7.5% (PVP) indicatiag the
clays cause a barrier to the crystallisation of the BETooling from the melt.

PET CPBr CPCI 30BE —— PVP

A

—

relative heat flow

80 120 160 °C 200 240 280

Figure 6.2.2.1-1 DSC initial heating for PET with h-house modified clays NaPVP, NaCPBr,
NaCPCl and 30BE

Figure 6.2.2.1-2 Optical micrographs of bottle wallsection of PET and PET in-house

modified organoclays with 100m scale bar.
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Micrographs taken from bottle wall samples to investigaéeaverall dispersion
of filler are shown in Figure 6.2.1.1-2. From the micrographs evident that
large agglomerations still exist for the CPBr. The CP&hpgle is also similar
with large agglomerations present but the overall dispersionuich improved.
This would indicate that the better dispersed clay has a sigmédicant impact
on reducing the crystallinity as there are a larger numbeapfparticles acting
as physical barriers to crystallisation. For the C30BEpmsite the dispersion of
the clay can be seen to be very good and is an improvemtattseen for the
commercial clays, particularly C30B, the parent clayappears that the use of
epoxy has improved dispersion by both improving thermal stabditg
improving compatibility. Finally the PVP clay has an ew®n somewhat large
particle size dispersion of clay as would be expected cogideo intercalation

has occurred hence clay PET interaction is of a minimal.lev

6.2.2.2 Cooling and re-heating after normalisation of heahistory.

Similar to the commercial clays a cooling and heating sdagre heat history
has been removed were also recorded and the data is tdl{iiialbde 6.2.2.2 - 1)

below.

Table 6.2.2.2—-1 Summary table of DSC cooling fronhe melt and crystal melting behaviour

for in-house modified organoclays

Sample Tc on Tc Tmend Hc Tm on Tm Tm end Hm
ilg il9

PET 204 195 180 45.273 236 247 253 46.973

CPBr | 202 194 184 39.599 239 250 255 33.233

1 O W

CPCI 200 192 183 37.891 238 249 255 36.033

30BE | 201 194 187 43.746 238 250 255 32.064

)

PVP 201 193 182 36.83) 229 248 254 31.405

From the data and the DSC scans (Figure 6.2.2.2-1) it & c¢leat the
crystallisation from the melt is not greatly affected thg in house modified

clays despite the differences in the level of clay d&par
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Figure 6.2.2.2-1 DSC cooling from the melt of in-hese modified organoclay/PET

nanocomposites
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Figure 6.2.2.2-2 DSC crystal melting of PET nanocoposites with in-house modified

organoclays

The melting behaviour of the nanocomposites (Figure 6.2.2.2{Rwkd a
similar pattern to that observed for the commercial blsed nanocomposites in

that for PET and poorly interacting nanocomposite (i.e. PVP clay
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nanocomposite) the predominant peak is at 241°C whereas for thehigiolye
interacting nanocomposites the peak is shifted consideral#$1°C as per the

commercial organoclay nanocomposites.

6.3 Gas barrier properties of PET nanocomposites

6.3.1 Commercial organoclays

The gas barrier properties to €®ere determined as per previous testing using
11 bottles. The results are quoted as BIF compared to theot&®ET material.

Figure 6.3.1-1 shows the G@gress behaviour of PET/CNaanocomposite.
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Figure 6.3.1-1 Comparison of C@loss from PET and PET/0.75wt% CN& nanocomposite

From the chart it is evident that no improvement in,@@rrier is obtained
through the addition of unmodified clay to PET. This result isunetxpected as
the nanocomposite does not exhibit good polymer clay interactidn tize

microscopy conducted shows large agglomerations of clay tmertfe effect of
the clay on barrier and its ability to form tortuous pathwaygas diffusion is

limited.



For the nanocomposite produced with Cloisite 10A an intercataadstructure
was obtained although the overall dispersion of the clay irbthige wall was
found to be poor with some large agglomerations present (up toxapptely
50 m). It would be therefore expected that the overall impre&rgnmn barrier
would be limited. This is shown to be true (Figure 6.3.1-2h&iBIF of 1.025
recorded.
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Figure 6.3.1-2 Comparison of C@loss from PET and PET/0.75wt% C10A nanocomposite

Therefore for the PET/C10A nanocomposite it can be stated thadpmoviement

in the barrier property has been obtained. The PET/C15A nanocitenp@s

also intercalated in nature and therefore would not be eegéatexhibit a large
improvement in C@batrrier (i.e. BIF 2). The CQoss chart is shown in Figure
6.3.1-3. From the chart it can be seen that thereigndicant improvement in

the CQ retention corresponding to a BIF of 1.19 or a 20% improvement. This is
due to the improved dispersion of the clay as seen in Figurk %62 although

the actual increase is still somewhat lower than wouldekgected of an

exfoliated nanocomposite.
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Figure 6.3.1-3 Comparison of C@loss from PET and PET/0.75wt% C15A nanocomposite

The nanocomposite produced using C30B did not intercalate andwhsra

slight reduction in the (001) spacing of the clay that indicatede degradation
of the clay may have occurred. The microscopy showed thatigpersion was
relatively poor even though the predicted compatibility was &rpeto be good.
The gas barrier was found to be similar to the PET wighiar of one standard

deviation as shown in Figure 6.3.1-4
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Figure 6.3.1-4 Comparison of C@loss from PET and PET/0.75wt% C30B nanocomposite
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The final Southern clays material, C93A exhibited an interedlatinostructure
and therefore interaction of polymer and clay can be expheTtee microscopy
showed good dispersion of the clay compared to'CR0A and C30B but was
slightly inferior to that observed for C15A. The £€@@ss chart is shown in
Figure 6.3.1-5. The BIF was determined to be 1.16 ansiniar to that

observed for C15A within error.
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Figure 6.3.1-5 Comparison of C@loss from PET and PET/0.75wt% C93A nanocomposite
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Figure 6.3.1-6 Comparison of C@loss from PET and PET/0.75wt% N2 nanocomposite
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Figure 6.3.1-7 Comparison of C@loss from PET and PET/0.75wt% N3010 nanocomposite

Of the clays provided by alternative suppliers to Southergsctao were
provided by Sud Chemie, N2 and N3010. These two materials leayesimilar

organic modification and CQoss charts are shown in Figures 6.3.1-6 and 6.3.1-
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7. For these organoclays BIF of 1.17 and 1.20 for N2 and N30peatasely
were recorded. Both nanocomposites were determined to be intedcatat
nature and were found to exhibit very good clay dispersion fromostdopy
with a low particle size (less than 3@). Overall this indicates that very small
changes in the nature of the surfactant have little efiacthe overall barrier
properties of the nanocomposite if the morphology remains jargelhanged.
In addition to this finding it appears that the type of clay ésadnicrostructure
also has little impact on the overall barrier propertieshé nanocomposite
structure is similar. Overall these results are sintdathose obtained for C15A
and C93A Closite clay nanocomposites.

Elementis provided samples of B2010 organoclay with an unknown quayternar
ammonium based surfactant. The resultant nanocomposite was shbave an
intercalated structure similar to the other organoclay#) wie exception of
C30B. The BIF of this material was determined to be aritbthe C@loss chart
is shown in Figure 6.3.1-8.

Similar to the Elementis material the Nanocor clay I2® @lontains an unknown
guarternary ammonium surfactant and an intercalated nanostrutheeCQ
loss chart is shown in Figure 6.3.1-9 and a BIF of 1.16 wawded. Both the
128 clay and the B2010 clay exhibited a similar level of disiper from

microscopy work (and this was similar to C93A).
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Figure 6.3.1-8 Comparison of C@loss from PET and PET/0.75wt% B2010 nanocomposite
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Figure 6.3.1-9 Comparison of C@loss from PET and PET/0.75wt% 128 nanocomposite

Overall the CQ loss data indicates that an improvement in the, G&rier
property of PET is achievable through the incorporation of comaierci
organoclays but that the extent of improvement is restrictedbout BIF 1.2 due

to the difficulty in producing exfoliated nanocomposites.

6.3.2 In house modified clays

The CQ loss data for the cetyl pyridinium modified clays is showirigures
6.3.2-1 and 6.3.2-2. From the results a BIF of 1.13 and 1.06evasded for the
CPBr and CPCI respectively. Both these composites showeddsparsion of
the organoclay with large agglomerations (up to @@ size) of clay evident in
addition to a nanocomposite nanostructure indicating that intéccalef PET
into the clay layers had not occurred, only degradation of tifactant and
hence collapse of the layered structure. This result isiligt the best results for

CO; are observed with the intercalated nanocomposites.
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Figure 6.3.2-1 Comparison of CQ@ loss from PET and PET/0.75wt% NaCPBr

nanocomposite
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Figure 6.3.2 — 2 Comparison of C@ loss from PET and PET/0.75wt% NaCPCI

nanocomposite
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For the C30BE nanocomposite material intercalation of the polyrtethe clay
was observed and the resultant dispersion of the clay appesysgood
compared to all the other nanocomposites yet the gas bawjgerty was poor
(Figure 6.3.2-3) with a BIF of 1.05 recorded.
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Figure 6.3.2-3 Comparison of CQ@ loss from PET and PET/0.75wt% C30BE

nanocomposite

The compatibility of this clay was expected to be the bksll the organoclays
tested yet only an intercalated nanocomposite with @@ntion similar to the
base polymer was obtained. This may indicate that some oflaiepalymer

functionality was lost due to possible cross-linking of the tyygrsurfactant by
the epoxy.

The CQ loss for the final clay, modified with PVP is shown iglte 6.3.2-4
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Figure 6.3.2-4 Comparison of CQloss from PET and PET/0.75wt% PVP nanocomposite

For this nanocomposite it was found that PET was not ablecicatate the clay
due to the very stable intercalated structure formed th@HPVP. In essence this
resulted in clay with similar properties to the CNvase clay and as a result the

gas barrier was similar (BIF 0.96).

6.4 Summary of PET nanocomposite behaviour

The nanocomposites produced with both the commercial clayshand house
modified clays all failed to exhibit an exfoliated morphology. ther commercial
organoclays, with the exception of CNaand C30B an intercalated
nanocomposite with (001) spacing of approximately 3.1nm was formed
regardless of the initial spacing (i.e. greater or lkas 8.1nm) due to the clay
surfactant. This indicates that the surfactant may beegntieplaced in the
interlayer during processing with PET resulting in an intemayith consistent
spacing due to the presence of the PET in a stable coritgur&or the CN&a
material no intercalation of the clay galleries ocadiress would be expected
given its hydrophilic nature hence the resultant composite wéactnmicro-

disperse, rather than nano-disperse in nature. Finally ofdahemercial clays,
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C30B also failed to produce an intercalated nanocomposiiés Was a
somewhat surprising result as this organoclay exhibits thecbegpatibility with
PET based on the solubility parameter data. In this des® twas actually a
decrease in the (001) spacing of the nanocomposite indicating dimnanfahe
surfactant had occurred. It is possible that due to theividaadf surfactant
hydroxyl groups degradation and chain scission reaction have ocaunied
have resulted in a lower molecular weight polymer unable rnergée sufficient
shear to open the interlayer spacing. This result also iedidhtat the direct
compatibility of the polymer and clay surfactant may notfgger such an
important role as often suggested and that rather direchatitns between the
polymer and clay surface are more important in defining the type of
nanocomposite produced.

Of the in-house modified clays a more mixed series ofteesere obtained. For
PVP modification no intercalation of the interlayer was obskraer any
degradation of the interlayer. This indicates that the BM#dih thermally stable
and also capable of significant interaction with the clayface. This result
further indicates the importance of direct interaction of pelymand clay and
further indicates that the interactions of PVP and claynaweh greater than
those of PET and clay hence intercalation is thermodynamiaafgvourable.
The cetyl pyridinium based clays behaved somewhat similarf30B in that
there was no intercalation of PET into the clay gallesied that there was a
slight reduction in the (001) spacing indicating some swafdategradation. This
degradation was also particularly visible in the yellow/brosatour of the
bottles produced. Although there was a significant differencehenthermal
stability of the Bromide variant compared to the chlorideava (the chloride
being the more thermally stable variant) no difference ircomeposite formation
behaviour was observed. The final clay produced in house was epajffecho
C30B. This clay PET combination resulted in an intercalated coamoosite
despite the good polymer clay compatibility determined from Hasséubility
parameters. The final spacing was similar to that olesefar the commercial
clays (i.e. ~3.1nm) indicating that despite good surfagtalyther compatibility
it is not possible to form exfoliated nanocomposites withoutcsefit direct clay

surface to polymer interactions.
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From the DSC data it can be shown that the presencexypfddes not have a
great impact on the cold crystallisation behaviour thatccaiflect the bottle
blowing process and that the tEmperatures are similar for all the clays. There
are however some differences in the overall level oftalysity of the as
extruded composites. From the Cloisite clays it is evident tta type of
surfactant influences the dispersion of clay and this itsp#éice level of
crystallinity. Overall the level of crystallinity forhé Cloisite organoclays is
lower due to the clay layers and particles forming a batoighe formation of
larger more perfect crystals. The greater the dispete®more significant the
effect appears. When non Cloisite clays are used the effemild crystallisation
and crystallinity and are less predictable indicating thattype of clay and its
micro structure also significantly affect the crystallisn behaviour. The melting
behaviour of the as extruded composites is relatively unaffesedsimilar
behaviour is observed for the in house modified materials.

On cooling from the melt under controlled conditions most of thenadd tested
either have little effect oncTor slightly retard crystallisation with the exception
of N2 and 128. For these materials a combination of good dispeasid the clay
microstructure has resulted in a considerable nucleatiagte®n heating from a
controlled cooling process a double melting point is observed. For PET and
composites with poor polymer clay compatibility the predominzedk is the
lower of the two but the addition of organoclay results inpitreelominant peak
shifting to the higher temperature due to either the formatfcan alternative,
more stable crystal structure due to the clay or signifioantrystallisation of
the PET during melting due to the presence of stable cldgatimn sites.

The resultant barrier properties of the nanocomposites werasngreat as
expected from theoretical considerations. This was due toahecamposites
produced having an intercalated or even a micro dispersiatetthe full surface
area of the clay platelets available to act as barsiesignificantly reduced

compared to the exfoliated situation.
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7 Non-clay nano-fillers for barrier modification of
PET

Due to the difficulties in the approaches to Qfarrier improvement reported in
chapter 6 and chapter 7 new and novel fillers to improvédneer properties of

PET are examined in this chapter.

7.1 Nano-silica flake enhanced PET

It is well known that layered nano-fillers such as day be used to enhance the
barrier properties when exfoliated into discrete singlers Chapter 7 has
effectively demonstrated that for PET this is exceptiondilfficult due to poor
compatibility of polymer and surfactant, lack of direct int¢iens between the
polymer and the clay surface and poor thermal stability afymsurfactants
employed. In order to overcome this problem novel flake shapea fdliers will

be investigated which possess a single layer structure. ativantage of
employing such filler is that exfoliation problems associatétl wlays can be

avoided and conventional processing techniques can be used rsaligeefiller.

7.1.1 Morphology of Nano-silica flakes.

Nano enhanced silica flakes of 100nm and 350nm thickness are to be
investigated and the properties determined. Initially SEMsed to investigate

the nanostructure and a low resolution image is shown in Figlre-ZFrom the
micrograph the plate-like structure of the silica flakesciearly evident. In
addition it can be seen that the flakes are essentialliwidodl and not
agglomerated and that there is a very wide range of madimt (some particles

appear to be approaching 1089in length).



Figure 7.1.1-1 Typical low magnification SEM microgaph of 100nm nano-silica flakes

(Imm scale bar).

Increasing the magnification (Figure 7.1.1-2) shows greataildn the silica
flakes and confirms that there is a loose associationrb€lea rather than strong
agglomeration. There is also a better indication of thg wide range of particle
sizes in the materials with particles as small as 20@m3@learly evident. In

addition to this the transparent nature of the nano-sikida 4§ is clearly evident.

Figure 7.1.1-2 Typical high magnification SEM micrgraph of 100nm nano-silica flakes
(200 m scale bar)
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Figure 7.1.1-3 Typical SEM micrographs of 350nm namsilica flakes at (A) low

magnification and (B) higher magnification (Imm scke bar)

The structure of the 350nm flakes is very similar to that rveslefor 100nm
flakes and is confirmed in the SEM micrographs (Figurel73)..

7.1.2 Dispersion of nano-silica flakes in PET

To check the dispersion of nano-silica flakes in PET. PCid used on samples
cut from the bottle wall for 2100nm and 350nm thickness flakesaatings of
1wt% and 2wt%. Micrographs of the 100nm flakes are shown in Figure - 1.

Figure 7.1.2—1 POM micrograph of 100nm silica flake in PET bottle wall with 50 m scale

bar

It is evident that there has been a significant reductidhdroverall particle size
compared to the original un-processed flakes with the maximwm pagticle
size only approximately 70n. In addition for 1wt% loading there does not
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appear to be significant overlapping of the nano-silica platétets significant
improvement in barrier would not be expected.
A similar pattern was observed for the 350nm nano-silickefla which is

illustrated in the micrographs in Figure 7.1.2-2

Figure 7.1.2—-2 POM micrograph of 350nm silica flake in PET bottle wall with 50 m scale

bar

Figure 7.1.2-3 SEM micrographs of 100nm nano-silicliake residues at high magnification
(30 and 20 m scale bars)

A more detailed investigation of the effect using SEM wdertaken in order to
obtain a clearer picture of the extent of damage to ther filarticles. Figure
7.1.2-3 shows the silica flake residue for 100nm flakes (2wt%iriga after
removal of the polymer by treatment in a furnace at high testyre. The

pictures clearly show that the particle size has beestsuao less than 16 in
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most cases with a few particles of 10 - 80also remaining. A similar situation
is also observed for the 350nm flakes (2 wt%) as shown in Figlr2 - 4.

Figure 7.1.2 — 4 SEM micrographs of 100nm nano-siid flake residues at high

magnification (30 and 20 m scale bars)

Overall it appears that the nano-silica flakes have paleritr barrier
enhancement due to their plate like shape and high aspectlra50 for 100nm
flakes and 500 for 350nm flakes based on a particle size ofl¥.6. the mid
point of the bulk of the distribution as obtained from the naltdata sheet) but
processing via twin-screw extruder results in significaetakage of the silica
flakes and reduction in the aspect ratio. Estimating Hmticfe size from the
POM and SEM a value of 1h has been chosen and new values of aspect ratio
of 100 and 30 have been calculated for 200nm and 350nm flakes resigectiv
This indicates that barrier may be less than predicteddoan the initial particle

size of the pristine nano-silica flakes.

7.1.3 Crystallisation behaviour of Nano-silica flak e composites

The composite pellets produced were analysed by DSC to iratestlge effect
of the nano-silica flakes on the crystallisation behaviourblera7.1.3-1
summarises the behaviour on the initial heating scan apde=i7.1.3-1 shows

the scans.
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Table 7.1.3-1 Summary of behaviour of nano — siliceomposites in the initial heating scan

Sample [ Tcon Tc Tc end Hc Tmon Tm Tm end Hm %
PET 116 125 137 21.436 230 250 257 41.325 14.196
1%100nm 110 117 135 26.524 232 249 256 39.586 9.323
2%100nm 113 120 133 25.211 232 248 256 38.898 9.769
1%350nm| 117 122 130 26.019 229 250 260 34.7 6.196
2%350nm 120 125 133 26.454 231 250 258 35.688 6.591

From the data it can be seen that the initial crystlthn onset temperature is
reduced by the presence of 100nm thickness flakes to 110°C and 113°C
respectively for 1wt% and 2wt% composites indicating thaflthes are acting
as a nucleating agent. This new temperature is quite lovindiwates care will
be required to ensure no crystallisation of the bottle prefawesirs prior to
blowing. For the 350nm thickness flakes the crystallisation oesgdrature is
slightly raised and is probably due to the less plate dhape (as indicated in
section 8.1.2.) leading to less nucleation. The crysaéithis peak temperature is
slightly lower for 200nm flakes as would be expected as thiegsaa nucleating
agent while temperature is similar for 350nm flakes. The ératystallisation
temperature is lower for all samples compared to PET bsitat note that the
range of temperature over which crystallisation occursss (£3°C) for 350nm
flakes than for the PET control and the 100nm flake samples (28°C
approximately) indicating that the 350nm flakes have an inhibéffert on the

crystallisation.

N
T

rel heat flow

— N

—PET 1% 100nm 2% 100nm 1% 350nm 2% 350nm

80 120 160 °C 200 240 280

Figure 7.1.3-1 DSC initial heating scans for nanoilga flake composites

214



The melting behaviour of the nanocomposites is not greatly taffelsy the
presence of glass flakes in the polymer matrix regasdiéshickness or loading
indicating this factor is governed by the crystals rather thadfiller.

The overall crystallinity of the samples shows that therparation of the filler
reduces the overall level of crystallinity. This indicatest the nano-silica flakes
act as a physical barrier preventing the formation of éingekt crystals hence
resulting in an overall reduction in the level of crygtél. Interestingly the
amount of reduction appears to be dependant on the thicknessflaiks rather
than the loading hence a reduction to ~9% for 100nm and ~6% for 3B0OmMmM
14% for the unmodified material indicating that the shape ofdkeltant silica

flakes is important (i.e. that 100nm flakes remain moree pilee than the 350nm

flakes).

%

rel heat flow

1% 100nm 2% 100nm 1% 350nm 2% 350nm

100 120 140 160 oc 180 200 220 240

—PET

Figure 7.1.3-2 DSC cooling from the melt for nano#éca composites

On cooling from the melt (Figure 7.1.3-2) the most importaatdr is the
loading of nano-silica flakes followed by the flake thickness. The and T

temperatures for PET are 204°C and 195°C respectivelyaddtidon of 1wt%
100nm flakes results in little change ig,Jand T (203° and 196°C) but thedkq

temperature is increased to 188°C therefore the rangenpétature over which
crystallisation has occurred is reduced indicating nucleatiah a more rapid
rate of crystallisation. When the loading is increased2wi% the whole
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crystallisation process occurs over the range 208°C — 196°Catingdi a very
significant nucleation effect which is strongly relatedthe loading of nano-
silica. When the 350nm flakes are used for both loadings thealtigegion
occurs over a more narrow temperature range (20°C) but thertgorpeof onset
and peak crystallisation is lower than that observed for BR3°C and 194°C
for 200nm and 202°C and 198°C for 350nm) indicating that there is @atingl
effect but also an inhibition of the crystallisation onset

The scans obtained in the second heating scan after controiédg are shown
in Figure 7.1.3-3. It is evident that there are two maittingepeaks present after
cooling as previously observed for PET and PET with organodiaythe case
1wt% 100nm nano-silica flakes two clear and well defined pe@kelzserved at
240°C and 249°C. Given their considerable separation it cauriésed that the
presence of the flakes has led to the formation of twbtndt crystal structures
rather than re-crystallisation and re-melting processesimar situation can
also be observed for both 350nm thickness flake loadings. The mdgedde
is observed for 2wt% 100nm silica flakes. For this compositerdirely new

peak is observed at 244°C indicating the formation of a nestadistructure.

—PET —— 1% 100nm 2% 100nm 1% 350nm —— 2% 350nm

_._'_'_'_._'_,/""\._.-..‘.\‘“—

//K

rel heat flow

160 180 200 o 220 240 260 280

Figure 7.1.3-3 DSC crystal melting behaviour of namsilica composites
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Overall, the presence of the glass flakes affects thgstailisation of the
composite through a strong nucleating effect. This is due to #be-lfte nature
of the filler providing crystal nucleation surfaces. The preseaicthe platelets
also prevent the formation of the largest most perfgstal structures hence the
overall level of crystallinity is reduced. The behaviousimilar to that observed

in the presence of organoclay.

7.1.4 Gas barrier properties of nano-silica flake e  nhanced PET

The gas barrier properties of the PET/nano-silica flakesposites were
measured in bottle form as per previous materials excepinttierial was a
compound rather than a masterbatch (i.e. material wasigipgepared via twin-
screw extrusion with the required filler loading). For 100nm thiskrftakes at
1wt% loading (Figure 7.1.4-1) there is a slight improvement (Bl11) but
overall the result can be considered similar to PET tduihne overlapping of

error bars.
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Figure 7.1.4-1 Comparison of CQ loss of PET and PET/1wt% 100nm nano-silica

composite

When the loading of nano-silica flakes is increased to 2wm8sirprovement
observed for 100nm thickness flakes increases to 1.27 BIF (Figlré-2).

Overall this indicates that a critical volume fraction éeerlapping of the nano-



silica flakes is between 1wt% and 2wt% loading. If thedtakad not suffered
such extensive damage during extrusion processing it is likelyettem greater

improvements in C@barrier would have been obtained.
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Figure 7.1.4-2 Comparison of CQ loss of PET and PET/2wt% 100nm nano-silica

composite

In the case of 350nm thickness nano-silica flakes no major impeers
observed with 1wt% or 2wt% loading (Figure 7.1.4-3 & 7.1.4-4) witiror.
From the microscopy the particle size after the extrusiorepsois similar to that
observed for the 100nm flakes but due to the increased platelkbdbs the
overall aspect ratio is reduced hence a level ofesilakes likely to improve the

CO; barrier is likely to have been reached.
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Figure 7.1.4-4 Comparison of CQ loss of PET and PET/2wt% 350nm nano-silica

composite

One further factor that may have influenced the perméabilithe bottles is the
overall level of crystallinity in the bottle wall but ghivas measured using DSC
and found not to vary greatly (PET 31.26%, 1% 100nm 35.78%, 2% 100nm
33.33%, 1% 350nm 32.34% and 2% 350nm 35.75%) indicating that the most
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important factor in the barrier improvement was the presentieeofiano-silica

flakes forming tortuous pathways.

7.1.5 Summary of nano-silica enhanced PET

Overall the use of the nano-silica flakes shows considerpbtential for
utilisation as a gas barrier enhancing additive. The resftiiectively
demonstrates that the GQbarrier property can be enhanced even after

considerable breakage of the nano-silica flakes during processing.

7.2 Divalent metal layered phosphonates (DMLP)

DMLP are a relatively new material for use in nanocompa@gaications and

are limited to a few reports and patents. The masepadduced for investigation

as possible barrier additives are zinc phosphate-co-phenylphospRie®)(Z
calcium phosphate-co-phenylphosphite (CPcP), calcium phenylphosphite (CP)
and magnesium phosphate-co-phenylphosphite (MPcP).

7.2.1 Characterisation of DMLP

The materials produced were analysed using XRD and POMiricagainsight
into the morphology of the materials. In addition TGA was used\uestigate
the thermal stability of the materials with particuddtention to the stability at

the PET processing temperature.

7.2.1.1 Morphological characterisation

7.2.1.1.1Zinc Phosphate-co-phenylphosphonate (ZPcP)

The XRD data for the ZPcP sample is shown below in Figtd.7.1-1. The
resultant (001) peak is observed at 6.11° 2 theta and correspor=d$001)
spacing of 1.45nm between the layers. The peak is sharp alhdlefined

indicating a highly regular spacing between the layers.
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Figure 7.2.1.1.1-1 XRD pattern for ZPcP

Micrographs taken at X100 and X200 magnification are shown inré-igu
7.2.1.1.1-2

Figure 7.2.1.1.1-2 Micrographs of ZPcP at (A) lovand (B) high magnification (50 m scale

bars)

From the micrographs it is evident that there are some pengieles greater than
50 m in size that appear flat and rectangular in nature. Irtiaddo these large
particles there are clearly a large number of smpéHeticles, some less thanrs,

many of which appear to be acicular in nature. In sumnterydsults obtained
from XRD indicating that the nanostructure of the ZPcReguilarly layered but
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there is considerable variation in particle size and shaped on the microscopy

which may hinder dispersion and resultant barrier properties.

7.2.1.1.2Calcium Phosphate-co-phenylphosphite (CPcP)

The XRD scan of CPcP (Figure 7.2.1.1.2-1) shows a shatglaar (001) peak
centred at 5.78° 2 theta. This corresponds to a regular irdef@g1) spacing of
1.53nm.

Microscopic examination of the CPcP sample (Figure A22) shows that
there is less variation in the particle size (typic&ly m). The particles appear
flat and rounded in shape and there is clear evidence of agghione (up to

~170 m in size). On close examination the layered structdiréh® filler is

clearly discernable.
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Figure 7.2.1.1.2-1 XRD pattern for CPcP
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Figure 7.2.1.1.2-2 Micrographs of CPcP at (A) lovand (B) high magnification (50 m scale

bars)

7.2.1.1.3Calcium Phenylphosphite (CP)
Examination of CP by XRD (Figure 7.2.1.1.3-1) revealedha s narrow (001)
peak at 5.79° 2 theta which corresponds to an interlayer spdcin§3mm. The

sharp peak indicates a very regular layered structure.
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Figure 7.2.1.1.3-1 XRD pattern for CP
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Figure 7.2.1.1.3-2 Micrographs of CP at (A) low andB) high magnification (50 m scale
bars)

In addition, the microscopy (Figure 7.2.1.1.3-2) reveals a rahgarticle sizes

with many over 50m in addition to a layered structure to the particles.

7.2.1.1.4Magnesium phosphate-co-phenylphosphite (MPcP)

The XRD pattern of the MPcP shown in Figure 7.2.1.1h&4 a sharp (001)
peak at 6.35° 2 theta which corresponds to an interlayerngpaci 1.39nm.

—— MgPcoP
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Figure 7.2.1.1.4-1 XRD pattern for MPcP

The supporting microscopy (Figure 7.2.1.1.4-2) indicates mudaigera
agglomerations than seen for the previous materials (paricithe calcium
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based phosphonates) with sizes in the range of several hundrezhsniln

addition the particles appear much more acicular in naatiner than plate like.

Figure 7.2.1.1.4-2 Micrographs of MPcP at (A) low rad (B) high magnification (50 m scale

bars)

7.2.1.2 Thermal stability of DMLP’s

The TGA traces shown in Figures 7.2.1.2-1 — 7.2.1.2-4 illestiaé of the main
potential benefits for these phosphonate materials compared ¢otraditional
organically modified clays in that they are overall morerrially stable over a

greater temperature range, in particular the PET priovgesange (270° - 300°C).
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Figure 7.2.1.2-1 TGA data for ZPcP
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Figure 7.2.1.2-4 TGA data for MPcP

22¢



For the ZPcP layered phosphonate there is 5wt% loss at thieelglahodest
temperature of 146°C. This loss is associated with loosely dowdger and
hydroxyl groups at the platelet edges and no significant datioa of the clay
layers is observed until 541°C. This indicates that ZPcPsufigient thermal
stability for the PET processing temperature. The CPcP ddyphosphonate
exhibits even greater stability with 5wt% loss only occuran@82°C and the
next stage of degradation not occurring until 549°C again indgagiood
thermal stability at the PET processing temperature.ldgBred phosphonate
exhibits the greatest thermal stability with 5wt% loss amtgurring at 437°C
with no degradation at all occurring in the PET processing tetyperrange.
The final layered phosphonate MPcP has a similar degradatifite go ZPcP
with initial degradation of 5wt% occurring at 207°C with no Hiert degradation
until 530°C.

7.2.1.3Summary of DMLP properties

In summary it has been shown that all the materials prodoaed a layered
structure based on the very clear (001) peaks observed in XRPsianal
Microscopy has revealed some differences in the particsitatees and sizes and
has revealed the calcium based phosphonates to have the most platelike
shape and also to clearly show layered structure. In corinaith TGA data
indicating the calcium based materials have the best #hestability it is
expected that these materials have the greatest potemtiaiptove the gas

barrier properties.

7.2.2 Morphology of DMLP nanocomposites
XRD data (Figure 7.2.2-1) taken from the moulded samples thef

nanocomposites pellets indicates that intercalation did not oncany of the
DMLP. It is possible that the phenyl group that is situatetiwithe clay layers
did not offer sufficient compatibility with PET to encourageeiotlation. In
addition the (001) interlayer spacing of the DMLP were iaflilar (~1.45nm —

1.53nm) due to the same interlayer spacing group (i.e. phdiy$.spacing is



slightly larger than that observed for unmodified clayslésg than that observed

for organically modified clays and this may indicate thatititeal layer opening

is too small to allow diffusion of PET chains into the phospholesters. The

new peak positions were 6.13° (ZPcP), 6.17° (CPcP), 5.69° #G&)6.32°
(MPcP) which correspond to (001) values of 1.44nm, 1.43nm, 1.55nm and
1.40nm respectively. The intensity and sharpness of the obtadéadd indicates
that no significant disruption to the layered structure hasroed.
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Figure 7.2.2-1 XRD Spectra of DLMP/PET nanocompos#s

Microscopy was conducted on bottle wall samples prepared usihgabsolid
and liquid masterbatch route to examine if any major differemcdspersion of
the DMLP occurred. A comparison of the microscopy for ZPcBhiswn in
Figure 7.2.2-2.
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Figure 7.2.2-2 Optical micrographs of (A) ZPcP liqid low magnification, (B) ZPcP solid
low magnification (100 m scale bar), (C) ZPcP liquid high magnification ad (D) ZPcP
solid high magnification (50 m scale bar)

Figure 7.2.2-2 A and B show the dispersion of the liquidtenaatch compared
to the extrusion masterbatch at one hundred times magnificaibimdicate that
the additional shear employed in the extrusion process resulisgroved
dispersion. The general particle size (i.e. the backgrosnapout 10m for the
liquid masterbatch with larger particles present up toaximmum of almost
100 m. In comparison the extrusion masterbatch has a smaller backigof
about 5m with a smaller portion of large particles although thgdsr particle
present is greater than 100 in length. Increasing the magnification (Figure
7.2.2-2 C and D) confirms the improved dispersion of the extrusasterbatch
compared to the liquid masterbatch and also provides furtheil da the
composite morphology by illustrating the layered structure of ldrger
agglomerates. Figures 7.2.2-3 — 7.2.2-5 show the microsdopy the
phosphonates CPcP, CP and MPcP and reveal a similar pagétethait the
dispersion of the liquid based masterbatch is inferior & tibserved for the
extrusion masterbatch.

w the dispersion of the liquid masterbatch compared to the exttrogsterbatch
at one hundred times magnification and indicate that the addlitisimear
employed in the extrusion process results in improved dispersiongéreral

particle size (i.e. the background) is aboutrhCfor the liquid masterbatch with
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larger particles present up to a maximum of almost &00dn comparison the
extrusion masterbatch has a smaller background of abaatvéth a smaller
portion of large particles although the largest particlesgmre is greater than

100 m in length. Increasing the magnification (Figure 7.2.2-2 C@ncbnfirms

the improved dispersion of the extrusion masterbatch compardue thqtiid
masterbatch and also provides further detail on the composiighatogy by
illustrating the layered structure of the larger agglates. Figures 7.2.2-3 —
7.2.2-5 show the microscopy for the phosphonates CPcP, CP and MPcP and
reveal a similar pattern i.e. that the dispersiorhefliquid based masterbatch is

inferior to that observed for the extrusion masterbatch.

Figure 7.2.2-3 Optical micrographs of (A) CPcP ligid low magnification, (B) CPcP solid
low magnification (100 m scale bar), (C) CPcP liquid high magnification ad (D) CPcP

solid high magnification (50 m scale bar)
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Figure 7.2.2-4 Optical micrographs of (A) CP liquidlow magnification, (B) CP solid low
magnification (100 m scale bar), (C) CP liquid high magnification and(D) CP solid high
magnification (50 m scale bar)

Figure 7.2.2-5 Optical micrographs of (A) MPcP liqud low magnification, (B) MPcP solid
low magnification (100 m scale bar), (C) MPcP liquid high magnification an (D) MPcP

solid high magnification (50 m scale bar)
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The DMLP have produced microcomposites rather than true nanocditenghos
to the failure of the PET to intercalate the layered sirectAs such a micro —
dispersion of the DMLP would be expected and this is confirmexughr the
microscopy conducted on the bottle wall samples. Using an exrusi
masterbatch approach as opposed to a liquid one resultecpiaved micro-
dispersion but a true nanocomposite was still not produced. Basditess
results significant improvements in g@arrier would not be expected although,
given the large size of the DMLP particles some improvenmeay still be

obtained through increased tortuosity.

7.2.3 Crystallisation behaviour of DMLP nanocomposi  tes

Then DSC behaviour for the DLMP nanocomposite pellets on initidinigess
summarised in Table 7.2.3-1 and Figure 7.2.3-1.

Table 7.2.3-1 Summarised first heat data for DLMP

Sample Tcon Tc Tc end Hc Tm on Tm Tm end Hm %
PET 116 125 137 21.436 230 250 257 41.325 14.2
ZPcP 114 120 130 25.692 233 248 253 40.178 10.3
CPcP 113 119 129 25.183 233 249 256 43.436 13
CP 116 121 128 24.981 233 248 255 40.649 11.2
MPcP 110 117 128 24.943 235 251 257 48.24 16.6

S
N

—PET —ZPcP CPcP CP ——MCpC

80 100 120 140 160 180 200 220 240 260 280
°C

— —N\—
e

rel heat flow

Figure 7.2.3-1 DSC initial heating scans for DLMP
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From the table and chart it can be seen that the onsgtstéllisation occurs at a
lower temperature for the DLMP than for PET as does thend crystallisation
end. Overall this indicates that sufficient crystal nu@le. small crystallites) are
present after the processing stage that re ordering arounddte can occur as
soon as the polymer chains have sufficient mobility at temperabove §. The
T. temperature occurring at a reduced temperature and tsgtah occurring
over a more narrow temperature range indicates fastealtisation.

From the table and chart it is evident that the meltingwebhaand the overall
level of crystallinity remain largely unaffected by thegence of the DLMP.
After removal of the thermal history and subsequent cooliogn fthe melt
(Figure 7.2.3-2) a significant nucleating effect can be olsemesulting in
crystallisation occurring at significantly elevated tempem compared to the
PET control.

relative heat flow

— PET—ZPcP CPcP — CP — MPcP

100 120 140 160 180 200 220 240 260
°C

Figure 7.2.3-2 DSC cooling from the melt for DLMP

In the case of the PET control thggland T are 204°C and 195°C respectively
while the incorporation of the DLMP results in increasethenT.o, temperature
to 212°, 211°, 207° and 214°C for ZPcP, CPcP, CP and MPcPcagalsim in the
T to 207°, 207°, 203° and 210° respectively. In addition, theetettype range
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over which crystallisation occurs is reduced by the presefickhe DMLP
indicating both increased nucleation and an increase inyhtalisation rate.
The heating scans after controlled cooling are shown in figix&-3. The chart
shows a double peak for PET at 242°C and 250°C as seen previauBlg T
which is indicative of the melting of crystals with dififey levels of perfection or
re-crystallisation during melting due to the presence ofestaliclei. In contrast
the systems filled with the DMLP exhibit a strong peaR4&°C (247°) for the
MPcP DMLP and a weak shoulder at 250°C. The intense nature petiksnay

be indicative of the formation of an alternative crystainfoof PET with a

different melting point.

rel heat flow

— PET—ZPcP  CPcP — CP —MPCP

160 180 200 220 240 260 280
°C

Figure 7.2.3-3 DSC crystal melting behaviour of DMIP nanocomposites

7.2.4 Gas barrier properties of DMLP nanocomposites

The gas barrier properties to €@ere measured on bottle samples as per the
previous methods described. For the DMLP the filler loadinthénbottle was
0.15wt% and samples were produced using a liquid masterheatemsand also

a polymer masterbatch. The results for the ZPcP DMlePsaown in figure
7.2.4-1. Overall, there is very little difference be#wethe nanocomposite
materials and the PET control indicating that either tiagliteg of DMLP was
insufficient to significantly enhance the gas barrier progeror that the
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dispersion of the DMLP was insufficient to develop auous pathway. A
similar pattern was also observed for the CPcP, CP aradPMIIMLP with the

results shown in figure 7.2.4-2, -3 and -4 respectively.
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Figure 7.2.4-1 CQ loss data for ZPcP in (A) liquid masterbatch and B) polymer
masterbatch
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Figure 7.2.4-2 CQ loss data for CPcP in (A) liquid masterbatch and B) polymer
masterbatch

Despite the poor results exhibited there does appear to kghaisiprovement
when the material is added as a polymer masterbatch iimgjddtat the high
shear mixing environment in the twin-screw extruder is berméfigigenerating
good dispersion of the DMLP. Overall the results indicate #gificantly
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higher loadings or improved dispersion of the DMLP through exfohatif the
individual platelets would be required in order to give a sigmftid@provement

in the gas barrier properties.
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Figure 7.2.4-3 CQ loss data for CP in (A) liquid masterbatch and (Bpolymer masterbatch
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Figure 7.2.4-4 CQ loss data for MPcP in (A) liquid masterbatch and B) polymer

masterbatch

7.2.5 Summary of DMLP as gas barrier additive

From the results obtained from these materials it is evithettobtaining de-
lamination of the DMLP layers is difficult hence if signdnt improvements in

the barrier properties are to be achieved further investigaill be required.

23¢€



8 Comparison of gas barrier results with model
predictions for PET based nanocomposites

The permeability coefficient (P4Pi.e. the reduction in permeation due to the
presence of filler can be effectively modelled to predice maximum
improvement in gas barrier for a given polymer/filler eyst The following
sections compare the model predictions to experimental resultsdiacuss

similarities and discrepancies in those results.

8.1 PET/Clay nanocomposites

It is generally accepted that the aspect ratio of MMT300 and it has been
calculated that 0.75wt% gives a volume fraction clay conten®.4%. The
batches were adjusted for organoclay content in order &00yRbwt% inorganic
content hence the density of raw sodium form clay was usthe icalculation of
volume fractions. Table 8.1-1 summarises the permeatioficerft of the PET
clay nanocomposites and also shows the theoretical valumgatatl using the
models of Nielsen [153], Cussler [154], Fredrickson [155] and Guds8].[

Table 8.1-1 Table of theoretical and experimentallyderived permeability coefficients for

clay

Sample P/Po Sample P/Po
PET/CNd 1.035 PET/CPBr 0.883
PET/C10A 0.975 PET/CPCI 0.936
PET/C15A 0.853 PET/30BE 0.947
PET/C30B 0.912 PET/PVP 1.033
PET/C93A 0.86 Nielsen 0.6225
PET/N2 0.854 Cussler 0.5402
PET/N3010 0.831 Fredrickson 0.7265
PET/B2010 0.802 Gusev 0.6247
PET/I28 0.86




The first feature of note is that all the models predistgaificant reduction in
permeation that is not reflected in the experimental slitchapter 7 it was
observed that for PET/CNand PET/PVP nanocomposites intercalation of the
clay by the polymer was not achieved and that the overalligpersion of the
clay was very poor with large agglomerates. The morphology prddise
essentially a micro-composite and the particulates do not exiplate like
shape but rather a more cubical shape (i.e. aspect ratioatpdct ratio of 1 is
used (as per samples exhibiting only micro-scale dispersiotiag) in the
models values of 0.994, 0.999, 1.009 and 0.992 for permeabilitijcozr® are
obtained for the models of Nielsen, Cussler, FredricksorGasgyv respectively.
These values are much closer to the observed experimaiiasvand indicate
that use of the correct inputs is essential in obtaining goadfiath the models.
From the other results the general trend is of reducing dionevith improved
dispersion of the organoclay in the polymer despite all throcomposites
exhibiting a predominantly intercalated morphology. These resulisate that
the size of the clay platelet stacks has reduced thus ngsiritian aspect ratio
less than 300 but greater than 1 (e.qg. if stacks of fatelpts remained the new
aspect ratio would be 60 resulting in permeation coefficient8&®Dfor Nielsen,
0.998 for Cussler, 0.90 for Fredrickson and 0.861 for Gusev). Ouatliee hand
it is also possible that large stacks remain in comiwnatiith a smaller volume
fraction of exfoliated platelets with aspect ratio 300.this case a volume
fraction of 0.1% exfoliated platelets would give permeatiorifimdents of 0.867
for Nielsen, 0.996 for Cussler, 0.914 for Fredrickson and 0.838dsev models
respectively. Overall it is likely that a situation egiswhere there is a non
uniform mixture of tactoid sizes in addition to some individuay ¢ayers.

From the model predictions and results it is evident that the magholf the
nanocomposite in terms of the clay particle size is crugiéérms of applying
the correct data to the model but the model can interprepiatict complex

behaviour if the morphology is adequately understood.
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8.2 PET/Nano-silica flake composites

The nano-silica flakes used in this study exhibit a wide rahgarticle sizes (as
illustrated in 3.1.3) hence it was necessary to estianat@verage particle size of
175 m in order to calculate aspect ratios of 1750 and 500 for 100nm thécknes
and 350nm thickness nano-silica flakes respectively. Due t&riben brittle
nature of silica flakes high loadings of 1wt% and 2wt% wetected as it was
expected that the aspect ratio would be reduced on processirggthertzarrier
effect would be reduced. Based on the density supplied by ahefacturers of
2.6g/cnt volume fractions of 0.55% and 1.1% were determined. bieT@.2-1
model predictions based on Nielsen, Cussler, Fredrickson and Gresegain
used to predict the permeation behaviour of the nanocompositesmpdred to
the experimental data. In addition new aspect ratios basdt axamination of
residues from the bottle walls were used to estimate theladpect ratio of the
silica flakes after processing (found to be 100 and 28 for 100nm Z0wh3
flakes respectively) and these values are also compardidet@xperimental

results.

Table 8.2-1 Permeation coefficient data for nano-kta flakes and comparison with model

data for pristine and post processing flakes

Sample 1% 2% 1% 2%
100nm 100nm 350nm 350nm
Experimental results 0.897 0.792 0.957 0.929
Nielsen Pristine 0.1712 0.0931 0.4187 0.2637
Processed | 0.78 0.66 0.9222 0.8665
Cussler Pristine 0.1473 0.0823 0.0799 0.1798

Processed 0.9727 0.7569 0.9994 0.9967

Fredrickson | Pristine 0.3013 0.1811 0.5601 0.4091
Processed 0.8191 0.7133 0.9152 0.8558

Gusev Pristine 0.127 0.0427 0.4284 0.2736
Processed 0.7631 0.643 0.895 0.844




From the results presented in the table it is clearly evitlanthe experimentally
recorded permeation is much greater than predicted byntigels for both
100nm and 350nm thickness flakes due to significant breakage oflitze s
flakes in processing (as shown in Section 8.1.2). When newtagies are
estimated from the microscopy it can be seen that taehpredictions are quite
close indicating that the behaviour of a nanocomposite candatciad well
when the particulate morphology is well characterisesl the filler exists as
single layers). The differences between the model predictiam$ the
experimental results indicate that different systems malefter characterised
by a certain model and also estimating the aspect rmatioduces some error.
Overall it has been shown that permeation models cawtigéy predict the

properties of nano-silica flakes based PET nanocomposites.

8.3 PET/DLMP nanocomposites

For the DLMP, based on our microscopic evaluation and mapgaented by
Rule [ref] the platelet size was determined to b Sor ZPcP, 40m for CPcP,

30 m for CP and 10m for MPcP. Based on XRD interlayer spacing and the
layer structure it is assumed that the layer thickreedaim hence aspect ratios of
5000, 40000, 30000 and 10000 were estimated for ZPcP, CPcP, CP aRd MPc
respectively. The aspect ratio of these materialsery Yarge and hence low
loadings of filler can be expected to give large improvemanthe gas barrier
properties. Table 8.3-1 gives the model predictions for theserials after
Nielsen, Cussler, Fredrickson and Gusev in addition to theriex@ntal results
for permeation coefficient.

In comparing the experimental results and the model predictissvident that
the predicted improvement in gas barrier properties hasacotred. Based on
the microscopic evidence it is clear that the particte ®f the DLMP has
remained the same after processing and XRD has showmdhatercalation
structure has been achieved further indicating that détaifermation on the
composite morphology is required in order to realise properties prddint

these common models of gas permeation.
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Table 8.3-1 Table of theoretical and experimentallyderived permeability coefficients for

DLMP

Sample ExperimentalNielsen Cussler Fredrickson Gusev
ZPcP (1) 0.932 0.1663 0.1438 0.3256 0.12
CPcP (1) 1.085 0.0243 0.0136 0.0472 0

CP (1) 1.033 0.0624 0.0502 0.1502 0
MPcP (1) 1.135 0.0623 0.1047 0.2371 0.05
ZPcP (mb) 0.949 0.1663 0.1438 0.3256 0.12
CPcP (mb) | 0.976 0.0243 0.0136 0.0472 0

CP (mb) 0.965 0.0624 0.0502 0.1502 0
MPcP (mb) | 0.985 0.0623 0.1047 0.2371 0.05
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9 Summary, Discussion, Conclusions and future

work

9.1 Summary and discussion

In chapter 4 the properties of clays were investigate@tiaild The commercially
available organoclays were found to exhibit a wide range of diestabilities
and compatibilities towards the polymers under investigationeheig@l C30B
was found to have the best compatibility towards the polyasradel the PET
while the other materials where more hydrophobic in nature. Althotfghing
the best compatibility the C30B was found to have poor thertahbllisy and
hence it would be expected that significant degradation ofuhfactant would
occur at the polymer processing temperature (especiallyhéoMXD6, G21,
T5000 and PET which are all processed at temperatures of 2B08Gove)
potentially inhibiting the formation of highly exfoliated nanocomsss In order
to resolve the problem of combined compatibility and therrteddilty several
novel clay modifications were identified and it was demoredrahat improved
compatibility (particularly towards PET) in conjunction wttrermal stability in
excess of the PET processing temperature (270°C) could bevexthieus
increasing the hope that PET nanocomposites with a highly sesperature
could be produced.

In evaluating the different polyamide materials much wasnked about the
mechanism of clay dispersion in different types of polyrrethe case of PAG6 it
was observed that molecular weight has an influence oaliligy of the clay to
be highly dispersed in the polymer. It was observed thathitje molecular
weight polymers were more readily able to disperse the di@yto the higher
shear generated in the twin screw extruder. In additiomast also observed that
the surfactant also influences the level of dispersion huttislirectly related to
the compatibility (as defined by the Hansen solubility patam). In PA6 all the
clays investigated produced highly dispersed (exfoliated) mamoasites with
the exception of C15A which is the most hydrophobic of the clays exahtdue

to the presence of two long alkyl chains in contrast to C98A enly one long
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alkyl chain. Based on fractional solubility parameter dagésdhmaterials exhibit
the same compatibility towards the PAG6 but it is not possibfgoduce a highly
dispersed/exfoliated nanocomposite only one with an intercalstare for
C15A while C93A nanocomposite is highly dispersed. Thus overall the
indication is that for the readily exfoliated PA6 system tisure of the
surfactant has a significant role in determining the outaointiée nanocomposite
formation process, particularly the thermal stabilitg.(iC93A is greater than
C15A).

For MXD6 a similar range of clays produced significantly défe results
compared to the PAG6. In this case only the C93A organoclay prddac
nanocomposite with considerable dispersion/exfoliation despite C30Bitexd
the best compatibility toward the polymer based on the solup#itameter data.
This result indicates that the thermal stability of theaooglay also plays a role
in determining if the morphology of the resultant nanocompositenjuaction
with the compatibility of the surfactant.

For the final two PA’s investigated (G21 and T5000) it was quagsible to
produce nanocomposites with an intercalated morphology with compatéwitity
thermal stability having little influence on the final morpdmt. When
considering the results obtained for the PA’s collectivtely evident that there is
an order of polarity (i.e. amide group concentration) with PA@ingathe
greatest polarity followed by MXD6, G21 and T5000 with theestgpolarity. This
indicates that overall the polarity of the polymer (and hétscability to directly
interact with the clay platelet surface) has greaggiitance in determining the
final nanocomposite morphology than issues of surfactant/polgomepatibility,
surfactant thermal stability and polymer molecular weight.

In addition to obtaining information on the mechanisms and madatdluencing
nanocomposite morphology the investigation of PA based nanocomposites was
undertaken in order to assess the potential of the diffevftiay combinations
for use as a PA based nanocomposite masterbatch for PETgipackgased on
our results PA6 nanocomposites (with the exception of the Cl®A ahd the
MXD6/C93A combination have the best potential for this applicatiespite
this an initial investigation was conducted into the compatibiftthe Pa’s and
their effect on the permeation of the PET as it was thiotingse factors may also

influence the final decision on the best way forward for #& based
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nanocomposite masterbatch approach. From the solubility paradettePA6
followed by MXD6 and G21 would be expected to exhibit the best caoloigt
but based on the transparency of the mouldings both PA6 and G2ar appe
incompatible due to considerable haze while in contrast both 6/t T5000
(unexpectedly based on the solubility parameter data) appearcempatible
with excellent transparency when added to PET at 5%. Wheasitittempted to
produce bottles it was found that the PA6 nucleated the PEfeirpreform
preheating stage prior to blowing to such an extent that battlelsl not be
blown. Of the remaining materials MXD6 exhibited the bestmgation
properties and transparency with both G21 and T5000 havingontgs barrier
and significant discolouration and haze in the bottles. Bareall the available
data the best route forward for a PA masterbatch approaafiptoving the gas
barrier properties of PET was determined to be the MXD6/G88Abination.
The initial investigation of the MXD6/C93A nanocomposite for radsitch
application immediately raised issues as it was obsehatdhe incorporation of
clay in MXD6 had a significant nucleating effect when added®ET. The
loading of clay in MXD6 was reduced from 5wt% to 1wt% (0.1wt%ydh the
bottle) and with this loading it was possible to produce bottlitls 5wt% of
MXD6 nanocomposite in the PET. The barrier properties of theskedaotere
found to be similar to a simple PET 5wt% MXD6 blend indicatimat the clay
had not had a significant effect because it is either wedfto the MXD6 phase
and has not been dispersed throughout the full polymer matthedoading is
insufficient to expect significant improvements in the gasidrafrom the clay
alone.

In order to address this problem novel processing techniquesiereoped as
described in detail in chapter 6. When materials vpeogeluced as a compound
(i.,e. all the final bottle components pre-extruded together pdomjection
moulding) the gas barrier (BIF ~1.6 cf ~2) dropped considgretrnpared to a
simple blend of PET and MXD6 mixed in injection moulding. In additioa
compound materials also exhibited significant discolouration (arobeured
bottles) and haze indicating that significant degradationtakein place. The
addition of a catalyst to promote ester amide interchange étitara and
improve the compatibility of PET with clay had little eft as did the pre-

blending of the polymers by twin-screw extrusion prior to additibalay again
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with the intention of improving the compatibility of PET andycl A second
approach to make a master-batch both with and without pre-bleofdthg clay
and with and without catalyst produced slightly better BIF (~1cé®pared to
the compound approach. The discolouration was less than that tesbacitn
the compound due primarily to the incorporation of a large amduptigiine
PET in the masterbatch approach during processing to form badttesoverall
barrier improvement is disappointing as was that achieved v@heMXD6
nanocomposite was blended with PET both with and without catdtyshis
case the bottles exhibited the least yellowing but the aseréen BIF (~1.4) was
poor. Overall the blending approaches investigated illustrateigh#dicant effect
of degradation on the gas barrier properties and the difficoltyransferring
exfoliation from PA into the whole polymer matrix. The usecatalyst to
improve the compatibility of PET and MXD6 by the synthesisnesitu block
copolymers was not successful and the presence of catalyshawa led to
further degradation although the barrier properties of catabseahon catalysed
materials within the same process group are not significatiffgrent. In
summary to progress the PA based masterbatch approaciprving barrier
properties the effect of degradation of the polymer during twiems@xtruder
processing needs to be addressed and understood as this appeatisetonain
factor limiting the barrier properties of the novel blends.

Chapter 7 of this thesis covered the direct intercalationaysdy PET. From
the results it is evident that it is not possible to exfoliagecurrent commercial
organoclays in PET. It is believed that the primary timgi factor in the
development of PET/clay nanocomposites is the lack of polgoméattant
affinity and the poor thermal stability of the organoclays dut studies have
shown that even when novel surfactants are used with improwegatibility
and thermal stability exfoliation can still not be achieved.

The nanocomposites produced with PET and the clays investigatedalways
intercalated in nature with an interlayer spacing of appraein8.15 — 3.35nm
with the exception of C30B, CPBr, CPCI, PVP and Cblay. In the latter cases
C30B, CPBr and CPCI all had a reduced interlayer spaciag@fcessing with
PET. All these polymer/clay combinations exhibited considerdlscolouration,
particularly in the bottles and microscopy revealed very pligpersion of the

clay indicating that degradation of the clay surfactant kadlted in a collapsing
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of the clay interlayer. It is likely that this collapskthe interlayer has prevented
initial diffusion of polymer chains into the clay gallerdse to insufficient space.
It appears that the high compatibility of PET and C30B stafdads less of a
factor than thermal stability of the organoclay surfactantacilitating initial
intercalation of the clay galleries. For the case\d@® Rlay it appears that a very
thermally stable interlayer modifier with significant affy for the clay is very
difficult to replace with PET due to unfavourable thermodynamikinally no
intercalation of the clay was observed for the PET/CBlgstem due to the
hydrophilic nature of the unmodified clay interlayer and in l&élihood
insufficient interaction of the PET chains with the clayface. Based on these
observations it would appear that the other commercial and isehoodified
clays exhibited sufficient thermal stability to allow iait penetration of the
polymer chains into the clay galleries to allow an intetea nanocomposite to
form. The XRD results for these materials are, as dstate very similar at
approximately 3.15 — 3.35nm for interlayer spacing regardlestheofinitial
surfactant and interlayer spacing. This indicates that thactartt is replaced in
the interlayer by PET as if both surfactant and PET wergeptehe interlayer
spacing would be different for different clays depending upon tte dfi the
surfactant molecule. In the literatuf&70] the ¢ dimension of the unit cell (i.e.
along the chain) for PET is quoted as 1.075nm thus three repdhts would
give an interlayer spacing of 3.225nm. It is possible th#t some tilt from the
perpendicular a fourth unit with” charge on the carbonyl carbon forms the fold
in the polymer chain resulting in a lamellae of 3 unit ciiliskness as depicted
schematically in Figure 9.1-1.

This consistent interlayer spacing is also observed reguiartye literature
(section 1.9) and it is believed that this is the firsietthis behaviour has been
considered. Further to this effect a similar observatioratembe made for PBT
nanocomposites. For PBT the ¢ dimension of the unit cell ingigel.159nm or
1.295nm dependant on the crystal form in the literature [171] tepidal
interlayer spacing with various clays were found to rargfevéen 3.42nm and
3.94nm [172-174] these values are again similar to three multptee unit cell

¢ dimension. In addition, similar behaviour has also beserobd by Okamoto

[175] for PLA/clay nanocomposites.
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Figure 9.1-1 Schematic representation of possiblerystalline PET structure in clay

interlayer.

Mechanistic theories thus far proposed such as those of G&aandlVia [176-
178] indicate exfoliation is most likely in situations where patderactions
between the polymer and clay are maximised while apolaagttens between
the polymer chains and surfactant alkyl chains are minimi3é&is would
suggest that increased polarity of the polymer is benkfitiarder for a high
level of exfoliation to occur and explains the efficacy ai6Rcompared to the
other PA’s studied in the formation of exfoliated nanocompositethd case of
PET the change from amide linkage to ester linkage seBulteduced polarity
and it appears that polar attractions although significant arsuffitient for the
PET to peel apart the individual layers. It would appearttheicrease the extent
of exfoliation of clay in PET the polarity of the polymer slibble increased
rather than development of surfactants with increased cdmipgtand thermal
stability.

The final aspect of this thesis investigated the usenael fillers for the
improvement of PET C@barrier. The nano-silica flakes were found to be
effective in overcoming the problem of delamination of ckyels due to their

single layer morphology and as such significant improvements made to the
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CO; barrier but these were not as great as expected digmificant breakage of
the filler platelets during processing. In contrast it wasntl that the DMLP
were very difficult to disperse and as a result did natisagntly affect the gas

barrier properties of the PET.

9.2 Conclusions

From our studies aimed at improving the gas barrier propeftieET packaging
using nanocomposites technology several useful conclusions can be Eramn.
the work conducted on PA based nanocomposites we can conclutteethaist
significant factor in determining the morphology of the nanocompadsitbe
polarity of the polymer. The most polar of the polyamidesRA6 in this study
produced nanocomposites much more readily than the other lespplgimers
studied. In addition for PA6 the surfactant polymer interactaesalso of some
importance as is the molecular weight of the polymer, but tfaeders remain
secondary to the polarity which allows direct interactiath wolar groups on the
surface of the clay.

When considering PA materials for a masterbatch applicatioREdr we have
found that despite its ability to effectively exfoliatel&®A6 is a poor choice
due to its rapid crystallisation rate which results e tPA6 nucleating
crystallisation in the PET. Based on this we concludetdNt¥D6 would make
the best material and found as per previous authors that MXD@leed very
effective in enhancing the barrier properties of PET. Baseall the MXD6
nanocomposite blending work, including the use of novel processing technique
and catalyst it has been shown that the transfer of exfolifibom the MXDG6
phase to the PET phase is very difficult due to the tenddribge dXD6 to form
discrete domains in the PET.

From our investigations of direct intercalation of clays byl R have found
that the clay thermal stability and compatibility of satéat of PET are of little
consequence in the synthesis of highly exfoliated nanocompoBitgher it has
been shown that the polarity of the polymer is of much ncorsequence and
that the polarity of PET is insufficient to produce high leved exfoliation. In

addition we have been able to conclude that in processingutfectant is lost
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from the clay interlayer resulting in crystallisatiohtbe PET in the clay layer
with a lamellae thickness of approximately 3.2nm (i.e. thiieees the c
dimension). Due to these inherent difficulties in obtaining ERY/
nanocomposites with a high degree of delamination of clay layhes fillers
have been investigated. To this end we have been able to shibthehuse of
single layered uncharged fillers such as nano-silica dlatebles us to neatly
avoid the problem of delamination and produce bottles with impr&vSg
barrier. The barrier improvements obtained were less thaedhbpt we have
confirmed that this is due to breakage of the filler incpssing and the data
adequately fits model predictions indicating exceptional barrigpgsties could
be achieved if the initial platelet size could be retairiadaddition we have
observed poor properties of DMLP in terms of barrier perfor@amd we can
conclude this is due to poor compatibility of the interlayetheermal stability is
excellent. In addition we have also been able to showDthHiP offer excellent
potential due to their tendency not to discolour the PET in psiog

Overall these studies have enabled us to gain much greaterstanding of the
difficulties in using clay/polymer nanotechnology for the enhancemieRET
gas barrier properties and provide clear indications of afeasfurther

development in future studies.

9.3 Future work

The work conducted in this study has provided many interesting ingnghtthe
mechanisms of clay exfoliation in polyamides and PET. Inteddwe have
been able to learn a great deal about different fillers andthew behave in
nanocomposite formation. Despite gaining these new insights mawy ne
guestions have been raised. To more fully evaluate the effpolymer polarity

on the ability of PA's to exfoliate clay more work is reqdiren different
polyamides. To this end an investigation of other aliph@teal PA’s such as
PA6,6, PA10 and PA6,10 would prove useful. In addition this would gs/e
further data to compare the effect of aliphatic nature veasursatic nature and
how this influences the delamination of the clays in PAisaddition, it would

be interesting to further evaluate the influence of visgosit the exfoliation



process, in particular for MXD6 where lower and higher mobecubeight
material is readily available but as yet untried for nanocortggoRirmation.
From the perspective of a master-batch approach it hasdbesvn that MXD6
gives the best improvements in gas barrier but the traostday exfoliation to
the PET phase has proven problematic and yellowing has beemsuan i©
improve this situation further work to investigate the sysithéd PET/PA block
copolymers for the compatibilisation of PET and MXD6 could be uakien as
this may assist the transfer of the exfoliated clay froemMXD6 phase to the
whole polymer matrix. Other experiments worth considering woeltbdook at
the use of stabilisers and antioxidants in order to reducdigbelouration of the
blend materials and potential chain extenders in order taceethe effect of
molecular weight loss.

Future work to investigate PET/clay nanocomposites would caorssarily of
investigating ways of improving the compatibility of the polynard clay
surface directly. Rather than look at the clay surfactaotdutvork could consist
of efforts to directly modify the polymer to increase ptarity. PET ionomers
have shown partial success in this area and it is poskdtidoy modifying both
clay and polymer with ionomers sufficient compatibility cobédachieved to de-
laminate clay platelets. Other possible techniques could beafohighly polar
groups onto the backbone chain of PET or to include more polar-co mniome
the polymerisation process.

The final area where further work could significantly contributthéosearch for
a viable PET monolayer barrier material is in the developnoé non-clay
nanofillers. For nano-silica flakes the potential is cleasge and further work
should revolve around the use of low shear mixing processeslen tor reduce
the breakage of the filler. Such techniques could include poigat®n reactor
addition of the nano silica flakes or the use of single scrdmston to reduce
shear in processing. For the DMLP as the interlayer is ugetiathe use of
phosphonic acids with functional groups such as carboxylic acid or hydroxy
may significantly improve the compatibility with PET and eeabhproved

dispersion of the filler.
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