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Synopsis

This thesis concerns the thermal behaviour andhésotal crystallisation kinetics
study of cyclic polyesters and its blends, in gatar cyclic poly (butylene terephthalate)
(c-PBT). The production of c-PBT is interesting;fatt it is different from production of
conventional linear PBT since c-PBT is producedimysitu polymerisation of cyclic
butylene terephthalate oligomers (CBT) in the pmeseof suitable initiators or catalysts.
These relatively novel materials, i.e. CBT offernypaadvantages in properties and the
most unusual and useful is that they can be predeatlow viscosity (water like) and
exhibit rapid crystallisation. The thermal behaviand isothermal crystallisation kinetics

of CBT and c-PBT were analysed.

The most significant achievement of this projedilending where blends of c-PBT
and styrene maleimide (SMI) were prepared by simelousin situ polymerisation and
melt blending of solid dispersion CBT/SMI powdehid is unique and novel and the
results show consistency and signs of miscibilithaugh there are no external forces
applied during the melt blending. It was found ttie presence of 30 wt % and above of
SMI impeded the crystallisation of c-PBT. This segtg that miscibility occurred. The
miscibility of these c-PBT/SMI blends was supporithwthe presence of a single
composition-dependent glass transition temperatared negative Flory-Huggins

interaction parameterx(,).

Studies on crystallisation kinetics of c-PBT welsalone by Avrami analysis and
using the Hoffman-Lauritzen theory. Previously theave been very limited studies of the
crystallisation kinetics of PBT produced from itgjomer. Further work on crystallisation

of c-PBT/SMI blends was also performed.
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Chapter One

INTRODUCTION

1.1 Cyclic Polyesters

1.1.1Evolution: Past and current research

The first publications on synthetic polymers withagrocyclic structures were
reported for poly (dimethyl siloxane) (PDMS) by 8c¢l] in 1946. The series of
publications [2-5] on the preparation and charaaéon of cyclic PDMS was followed
by the reporting of cyclic polystyrene (PS) by @&ieand Hocker in 1980 [6, 7]. Studies on
the macrocyclic structures of synthetic polymemntbentinued with reports of macrocyclic
structures in engineering thermoplastics, i.e.ymers with high melting temperatures
such as polyesters [8-16]. The early work mostlgugsed on the preparation of
macrocyclic structures from engineering thermopdastbut since the syntheses were

inefficient, purification of the products was nedd&0-12, 15, 17-25].



After the process for preparing cyclic ester oligoen(CEO) was patented in 1995
[11], further work then focussed on the polymer@aprocesses of these cyclic oligomers
and the availability or effectiveness of catalytstsnitiate the polymerisation [13, 18, 21,
26-44]. The early polymerisation of these materiaded tin and titanium catalysts as
initiators and this has been extensively investiddby the Cyclics Corporation and the

General Electric Company [45-48].

Two types of polymerisation processes were repatigihg conversion of these
cyclic oligomers to polymers, i.e. ring openingyookrisation (ROP) [13, 24, 27, 28, 32,
49] and ring expansion polymerisation [13, 14, 26]. Polymerisation routes depend on
which types of catalysts are used in the polymgasgrocess. The use of cyclic catalyst
such as stannoxane lead to ring expansion polyatensand leads to the production of
macrocyclic polymers, while linear catalyst e.gbutyltin ethoxide (TBTE) lead to the
production of linear polymers through ring openpaymerisation (ROP) [14]. Work to
introduce new types of catalysts which could ini&EO still carries on. In a recent
example, Tripathyet al. [34] studied the effect of catalyst, i.e. stanmabutyltin
chloride dihydroxide and tetrakis-(2-ethylhexyljahate on polymerisation of CEO in
particular cyclic butylene terephthalate oligomeg{@BT). Furthermore, they also
investigated the effect of polymerization temperaton then situ polymerization of CBT

for composite applications.

After studies of polymerisation of these cyclicgoliners, researchers discovered
the unique properties of these materials, whictalmeca reasowhy interest in CEO has

increased dramatically over the last few years. ddvantages of these materials are they



have a low melt viscosity (water-like), rapid isetimal bulk polymerisation, rapid
crystallisation with a high degree of crystallinitgnd they do not produce chemical
emissions during processing [50-52]. Moreover,rth@lecular weight can be tailor made
for specific application and/or manufacturing psses [52]. The polymerisation and
crystallisation have been found to occur simultaisgg and the mechanisms involved
have been studied [13, 14], while the industrialiate more focussed to exploit the

advantage of the low melt viscosity of this matenaorder to suit current needs.

The creation of these cyclic oligomers and thesoamted advantages solved some
problems in thermoplastic composites [33, 51, 5B-B3s known that the main limitation
in fabricating continuous fibre thermoplastic comipes is the high melt viscosity of the
thermoplastic itself. The presence of low visgpgite-polymers of cyclic oligomers
however gives the best option for thermoplastic posites. These cyclic oligomers should
be able to be processed reactively like a thermbsétretain their behaviour as a
thermoplastic in the final state. This means thatytare capable of being reground, re-
melted and reprocessed again for recycling purposethe present time, the industrial
trend is to replace thermosets by thermoplasti@s tdurecycling problems and this is a
prime strategy of polymer life-cycle engineerind]i6 Their low melt viscosity (which is
reported as low as 17 centipoises) [50-52] couldroame the problems in impregnation
of fibers, flow of resin and removal of bubbles whiare usually found in the use of
thermoplastics for fiber-reinforced polymer compesapplications. Moreover, cyclic
polymers were suggested for processing with redefrreaction injection moulding
(RRIM) or resin transfer moulding (RTM) which hasen traditionally monopolised by

thermosets resins [65].



These novel materials are not only limited to ldqucomposite moulding
applications. Recently, many studies of cyclic ofigers have been concerned with
blending with other thermoplastics which have pb&trfor novel structures and which
cannot be achieved by conventional blending mefa0d66-71]. These blends may result
in miscible or immiscible forms. Tripathgt al. [50] found that the blends oh situ
polymerised PBT from cyclic oligomers (c-PBT) andlygvinyl butyral) (PVB) show
evidence of miscibility, where the blend shows ool glass transition temperature.
However, blends of linear PBT with PVB did not shamy sign of miscibility during the
investigation. They concluded that the cause ofcimilty in the in situ prepared c-

PBT/PVB blends was thought to be the formation gfaft copolymer.

Thein situ polymerisation of cyclic oligomers inside the hdesystem also offers
the possibility of producing nanostructured compassi It was reported that cyclic
carbonate oligomers (BPACY) blended with styrenedaaitrile copolymer (SAN)
produced on unique nanostructure by liquid-liquidage separation duringh situ
polymerisation of BPACY [66]. Tripathst al. [51] in 2003 reported that the production of
c-PBT nanocomposites prepared by situ polymerisation of CBT. They successful
produced the c-PBT/clay nanocomposite byirasitu polymerisation in the presence of
cyclic stannoxane catalyst and sodium montmoriteanin the latest publication on
nanocomposites based on CBT, Jiah@l. [63] reported the production of c-PBT/silica
nanocomposites prepareda high speed stirring followed by subsequent situ
polymerisation. Furthermore, the work of Bahlalal. [70] in 2009 found that the

morphology of poly(ethylene-co-vinyl acetate) (EVIRBT blends prepared by the situ



polymerisation of CBT in the presence of molten Es#polymer had a fine dispersion of

PBT phase with sizes ranging from 100 to 500 naliameter.

Further reasons for blending these materials quiedl/for polymer blends; that is
for property enhancement. c-PBT has been repomedhaive excessive crystallinity
compared with conventional PBT [13, 14, 16]. Thesults from rapid concurrent
crystallisation during the polymerisation proce$<C8T. It is known that the amount of
polymer crystallinity can have an effect on the sibgl properties of the material, i.e.,
brittleness and ductility [43, 72-74]. The techreqgof copolymerisation can be used to

control the properties of the polymer, i.e., crifstdy and melting point T,). For

example, Tripathyet al. [67] controlled the excessive crystallinity in &P by ring-
opening copolymerisation CBT with caprolactone (CLhey successfully eliminated the

typical brittle nature of c-PBT polymers by theangoration of a small amount of CL.

1.2 Poly (butylene terephthalate) and its cyclic oligorars

Poly (butylene terephthalate) (PBT), an alkylen¢halate polyester is prepared
commercially through the transesterification reactjpolycondensation) of 1,4-butanediol
with either terephthalic acid or dimethyl tereph#ta [14, 75]. The chemical structure for
this polymer is shown in Figure 1.1. This polymensists of both a flexible link and a
rigid segment, i.e., four methylene groups andeptethalate group, respectively [14, 43].
The chemical structure also shows this polymeraeethydroxyl and carboxylic acid end

groups. PBT is a semi crystalline polymer with staylinity reported in the range 35 to



45% [14] and can achieve 55 to 60% through anngdli6]. The typical glass transition

temperature T,) of PBT is in the range from 30 to SC, depending on the degree of
crystallinity, annealing, amount and type of fileand measuring method [75]. Thig

can shift to lower temperatures (16) if the PBT is fully amorphous [77]. The melting
and crystallisation behaviour of this polyestesti®ngly dependent on the thermal history.

Usually, the crystalline melting temperature wagsoréed to be in the range 225 to 282

[77-79], while the equilibrium melting temperatfe’ ) was estimated to be 246 [80].

0 0 o O
0 — 0 0 — oH
n
Figure 1.1: Chemical structure of linear poly (butyene terephthalate)

This type of polyester was introduced to the conumaémarket in the late 1960s
by Celanese [75]. PBT is classified as an engingdahiermoplastic due to its performance.
It is in very good demand by industry [75, 80, &b} its excellent thermoplastic
processing capabilities boosted by its rapid chysétion kinetics and semi-crystalline
characteristics. These characteristics allow PBbdaised in harsh environments which
require chemical resistance, thermal resistanee fiiction and wear characteristics [14].
Other advantages of this polyester are high ssn@nd strength, high toughness at low
temperatures, high heat-deflection temperaturesTiHbigh stress-cracking resistance,

high resistance to fuels, oils and fats, and gaodgssability [52, 75, 82].



PBT is a mature material widely used in the autaveotndustry (interior and
exterior parts), household electrical appliancesl @onnectors, telecommunications,
machine component, food and medical applicatiomgIGthe pressure to re-cycle in these
industries especially in the automotive sector [8d, 75], a recycling process has been
explored. This process involves the conversion a@fste polyesters to cyclic ester
oligomers (CEO) through ring-chain equilibration g@lymer in dilute solution

(depolymerisation) with various catalysts [15, 28, 83].

The idea of depolymerisation as a way to produc® Gas introduced by the
pioneering work of Spanagel and Carothers [8, A&hé 1930s. This method was found to
be effective for the preparation of small-ring estand carbonates. However, the
researchers found limitations for commercial expkion of this method such as long
reaction times and large amounts of solvent ne¢aleathieve high yields. Jacobson and
Stockmayer [16, 84] in their theory state thatrihg-chain equilibration of a polymer will
lead to a mixture of cyclic oligomers and polymer which a critical monomer
concentration (CMC) can be defined for each monaostrercture. A cyclic structure can
only be achieved if the concentration of polymeoiger than the CMC, while the mixture

of cyclics and polymer will be present if the coniration of polymer is above the CMC.

Early work to convert linear PBT into CBT was refeor by Brunelle and Bradt
[17, 19]. They patented their work on preparatidnmacrocyclic polyestersia pseudo
high dilution condensation of butanediol with terdyaloyl chloride using catalyst as
shown in Figure 1.2. They successfully producedicytigomers through this process but

because of the high cost of acid chloride this @ssowvas not commercially economical.



Also this process has other limitations such as ntbed to maintain rigorously dry

conditions in the solvents and reactor.
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25°C
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(CHa)4 (!C H»)4
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— —a

Cyclic PBT (a=1-6)

Figure 1.2: Preparation of CBT through direct condesation reaction [14, 19]



Finally, Brunelle and Takekoshi [11] patented theifindings on efficient
preparation of alkylene phthalate cyclic oligomeira ring-chain equilibration in 1995.
They dissolved PBT in dry o-dicholorobenzene (o-D@Bd then added the equilibration
catalyst (Figure 1.3). Most of the early work usiedcatalysts since these types of catalyst
were found more effective than titanates for theg4chain equilibration reaction. They
also found that a large amount of dilute solut®mat necessary to form reasonable yields
of cyclic oligomers. However, based on their obagon 100% vyields of cyclics can
never be achieved at very low reaction concentmaf®@MC) since the starting material
(polymer) has end groups [11]. The work of Brunetlal. [13] continued three years later
(1998) with the publication on the preparation lifykene phthalate cyclic oligomexséa a

novelpseudo high dilution condensation reaction.

The cyclic oligomers produced are then readily payized to high molecular
weight polyesters in the presence of suitable ygsisl within a few minutes.
Polymerisation of CBT was reported over the ran§é °C to 200°C [13, 26, 29-31].
Before that temperature was reached, the CBT b&garelt at about 140C, and it was
completely molten at 160-19TC. Al-Zubi et al. [52] reported that the melt viscosity of
this material reduced as the temperature increaleely found that at 180C the melt
viscosity is 28 centipoises and reduced to 22 ahdehtipoises upon heating to 190

and 200°C, respectively.



HO(CH»);—0O O—(CH,)y O
COOH
O O O

n
PBT Resin

0-DCB solvent
2400C
organotin or organotitanate catalyst

O>_</::\>_<O HO(CHy);—O = P
DanVlans )~

O

I I O |

(C H‘3 s (ICHZ}J + (CHa)y

| 2
O>/——C { 1D

HOOC
K o \ | 7 5
L. —1a — = m
Cyclic butylene terephthalate (CBT) Oligomer Mixture of linear oligomers and polymer
(a=1-6)

Figure 1.3: Ring-chain equilibration reaction of Brunelle and Takekoshi [11, 14]

1.3 Stannoxane

As mentioned earlier, CBT need a suitable catalist perform in situ
polymerisation in order to produced polymer. Timl éitanium initiator have been reported

to be efficient catalysts which successfully con&BT into polymer [13, 45-48]. One of

the most suitable tin initiators is butyltin alkd&s [26]. The tin initiator is known to be

stabilised by two or three short alkane structwkgh are typically butyl groups [14].
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Ramsderet al. [85] have introduced the dimer of dibutyl tin did& (Figure 1.4) in
cyclic form [26] which was used in the polymerisatiof CBT. Technically this initiator is
1, 1, 6, 6-tetra-n-butyl-1, 6-distanna-2, 5, 7,téaoxyacyclodecane and it also known as
stannoxane. The used of this cyclic initiator vidad to ring expansion polymerisation
which produces macrocyclic polymers as a result I8 26, 41]. Other tin compounds
(such as dibutyltin oxide and tributyltin ethoxid®9 catalysts will lead to production of

linear polymers through ring opening polymerisatiib, 16, 26].
Bu /ﬂ\/\ﬂ Bu

T .

Sn Sn
Bu 0 Bu

Figure 1.4: The dimer of dibutyl tin dioxide (stanroxane)

1.3.1Polymerisation of CBT using stannoxane

Brunelleet al. [13] found that certain tin and titanium catalystsre most effective
in initiating polymerisation of CEO although mangpés of compounds are available.
With 0.05-1.0 mol % cyclic stannoxane based on muero units used the CBT

polymerisation is believed to undergo ring expamgolymerisation [13, 14, 26, 41].
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Figure 1.5: Ring expansion polymerisation of CBT ugsg stannoxane

Figure 1.5 illustrates the ring expansion polynai@ process of CBT which
occurs using stannoxane as an initiator. As statgtler the Sn-O bonds of the cyclic
stannoxane are known to be the active polymerizatites. These are active throughout
the entire polymerisation. A bond exchange takaselwhich results in the breaking and
reforming of one Sn-O bond in the stannoxane amd@® bond in the ester group of the
CBT, leading to insertion of the stannoxane inttiah the ring molecule [14]. Once the
first ring has been opened, oligomers and othermnsteane containing rings are added,
increasing the size of the ring. The ring expanssoentropy driven (only a little strain in
the CBT) and as consequence the process is athgtB)al6, 50] . The resulting chain

structure is that of large ring (a macrocycle) estmsy of PBT repeat units and the

12



stannoxane initiator. Throughout the entire polyisaion the Sn-O remains unbroken

where the reactivity of that bond is not alteredlgy expansion reaction.

Ideally, the incorporation of the stannoxane catalynto the CBT results in cyclic
polymer (c-PBT) with no end groups and by-produdise c-PBT produced by ring
expansion polymerization with stannoxane initiatoas higher molecular weight, greater

crystallinity and more perfect crystalline morphgyahan linear PBT [13, 14, 16].

However, the use of stannoxane in the polymerisaifcCBT has limitations. This
is because stannoxane has been found to be serisitmoisture and thermally unstable at
high temperature (> 280) [13, 14, 16, 31]. Miller [14] in his thesis raped that
stannoxane could exhibit two types of degradatidmictwv can cause the macrocyclic
polymer chain to break and result in linear polygnddegradation of stannoxane may
occur because of thermal instability and the preseri moisture. He suggested that water

degradation of cyclic chains resulting in only hyxdyl end groups as shown in Figure 1.6.
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Figure 1.6: Mechanism for water degradation of stanoxane [14]

1.4 Styrene Maleimide (SMI) copolymer

Copolymers of styrene and maleic anhydride (MA) evprepared in order to
improve the heat resistance of PS [86]. The furihaik of Moore (1986) [87] found that
the copolymer of styrene and maleimide could offeore heat resistance. Styrene
maleimide (SMI) is a low molecular weighk, = 5,000 to 10,000) synthetic copolymer
that is composed of styrene and dimethylaminopapiyie (DMAPA) maleiamide [88].

This copolymer is formed by a radical polymerisatiosing organic peroxide as the

initiator. The chemical structure of SMI has testiamine functional groups as shown in

Figure 1.7.
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Figure 1.7: Structure of styrene maleimide (SMI)

SMI copolymer has a low melt viscosity, high thekmstability (decomposition
temperature greater than 300), and a low volatile organic compounds (VOC) eont
[87, 88]. The glass transition and softening poemperatures of this copolymer are less
than 100°C. SMI can also function as a polyimide or polyaenadditive, serving as a
cross-linking agent, curing catalyst or surface ifyotgy agent. This synthetic copolymer
can perform a variety of functions in water-basqupligations i.e. serving as an
emulsifying agent, cationic dispersant, flocculgtior coagulating agent as they easily
form cationic salts. The typical uses of this cgpuér include paper manufacture, alkaline

resistant coatings, adhesives and polymer modific488].
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1.4.1Solubility of SMI copolymer

The SMI copolymer has good solubility in organidveats with at least moderate
polarity. The solubility characteristics of SMI mtom temperature (26) in a variety of

solvents are listed in Table 1.1.

Table 1.1: Solubility of SMI in organic solvents [8]

Solubility
Solvent Type (insoluble = <5 wt. %, very

soluble= >40 wt. %)
Cyclohexane Aliphatic Insoluble
Toluene Aromatic Very soluble
Methanol Alcohol Soluble
Acetone Ketone Very soluble
Tetrahydrofuran (THF) Ether Very soluble
Ethyl acetate Ester Very soluble
Chloroform Chlorinated Very soluble

Ref: Sartomer Company, Inc.

1.4.2 Applications of SMI copolymer

In applications such as printed circuit boards padder coatings, styrene maleic
anhydride (SMA) has been used as curing agent eptixy resin formulation. The SMI
copolymer can then be used as a catalyst for #ugsrilations (containing (SMA) resin
and epoxy resin). In general, the epoxy-anhydrideszlinking reaction can be speeded up
with the presence of the small molecule additiveshsas imidazoles or tertiary amines.

Since the SMI copolymers contain tertiary aminecfignality, they are suitable to act as

16



anhydride-epoxy catalysts and offer the advantazgjeso migration or volatility from
formulation. This copolymer is also found to be ciite in the anhydride-epoxy

formulations [88].

The high solubility of SMI copolymers in variousganic solvent makes them
useful in many applications. This can be enhancgdthe resin's excellent water

resistance, alkali resistance and thermal stalghtyerties.

The surface adhesion between the polyolefin an@m@sed inks and paints can
be improved by the addition of SMI copolymer. Imgeal procedure, the SMI copolymer
is added during melt processing of the polyolefihey should be compatible with other

additives and fillers typically used in the prodantof polyolefin parts or films.

1.5Background of the studies

PBT is well known to be among the easiest of theiseystalline polymers to
crystallise [13, 14, 75, 89]. This makes PBT difficto produce amorphous structures
unless specimens are very thin and quenching is regrid [14]. Miller [14] in his thesis
discussed how PBT can form two types of spheruliteésng isothermal crystallisation
depending on the rate of crystallisation. At a late of crystallisation and small degree of
under-cooling (where crystallisation takes place t@mnperatures above 18D, the
crystallisation of linear PBT resulted in the ‘uBuspherulites. While, below the

temperature of 18C, at which the highest rate of crystallisation wced, ‘unusual’

17



spherulites will be formed. Stein and Misra [90yé&alefined ‘usual’ spherulites as the one
with the Maltese cross is dark arms positioned ‘ata®d 90 to the optical axes of
polarisation when examined in polarized optical nmscopy as shown in Figure 1.8 (i),
while the ‘unusual’ spherulites is indentify by &°4otation of the Maltese cross . They
also found that the ‘usual’ spherulites producesnall angle light scattering (SALS)
pattern with intensity lobes at 4% the polarised light (Figure 1.8 (ii)) and thetsual’
spherulites produces a SALS pattern with intensibes at © and 90 to the polarisation

planes.

Eliminated by Amalyser

Elminated by Polariser

{1) ()

Figure 1.8: (i) lllustration of PBT’s usual spherulites examined by polarized optical
microscopy, (ii) lllustration of the clover-leaf patern of PBT’s usual spherulites

examined by SALS. Arrows show the direction of polasation axes [90]
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However, it is found that cyclic PBT, produced ibgthermal polymerisation and
crystallisation at 190C, is composed only of the ‘usual’ spherulites [IFjey are small
(approximately 2-3 um diameter) and appear to beduyred by very rapid crystallisation.
This suggests that cyclic PBT crystallises eagilg there are clear differences in kinetics
compared with linear PBT. This behaviour is notlyfuunderstood and is further
complicated by the fact that for the cyclic PBTystallisation and polymerisation are

taking place at the same time.

Cyclic oligomers also have enormous potential fovaet structures when blended
with other thermoplastics [50, 66, 68, 91, 92]. Sddlends may be as miscible [50, 66,
68, 91] or immiscible [92] and both types may hawseful properties and structures
inaccessible by other means. For instance blendsP&T with poly(vinyl butyral) (PVB)
have successfully been made where PVB is an indlgimportant polymer widely used
in laminated safety glass and surface treatmeetinfinary work has also been done with
g-caprolactones (biodegradable polymers with apidina in drug delivery) [67, 68].
Cyclic oligomers of PBT have successfully been ¢yperized in situ with e-
caprolactones in the presence of stannoxane catalysother interesting finding during
blends cyclic oligomers with other polymer is pbgdgy to form nanocomposites by
liquid-liquid phase separation. An example of th&se is cyclic carbonate oligomers
blended with styrene-acrylonitrile copolymer (SAJEP]. This blends system (CBT/SAN)
shows nanostructures where unobtainable with blepased on conventional linear
polymers. Moreover, the morphology of the resulthr@nocomposites has been shown to

have interesting effects on mechanical propertigh wotential applications. There are
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also more general effects of the topology of cyg@alymers on blend miscibility and

hence on the production of nanocomposites [1893,194].

Therefore, the investigation of the thermal behawiand crystallisation kinetic
study of c-PBT and its blends will form the bagisthis present study. The knowledge
extension on this material could be aspect from kleads of c-PBT with amorphous
polymers (i.e. SMI). To date, the c-PBT/SMI blerydtem has not received any attention

in the literature.

1.6 Aims and objectives

The study is divided into two sections. In thetfiggction, the aim is focused on
understanding the thermal behaviour of CBT and &-P&ince the polymerisation and
crystallisation are reported to occur simultanegutsie investigations will concentrate on

understanding these phenomena by various thermabisistechniques.

Differential scanning calorimetry (DSC) techniquesll be fully utilised to
examine the thermal behaviour of the CBT and thirper produced, as well as to
explore the optimum polymerisation conditions (temperature and time) for production
of c-PBT. This introductory exploration of the theal behaviour of CBT and c-PBT also

has the aim of gaining useful results in termsrgéiallisation kinetics.
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Several other characterisation techniques will #&dun addition to DSC, in order
to have a better understanding on the thermal hetawof the cyclic polymer. Fourier
transform infrared spectroscopy (FTIR) will be ugeddentify the functional groups in
the CBT. Furthermore, the FTIR technique also bdlused to study the effect iof situ
polymerisation to the functional groups in CBT adlvas understanding the mechanism of

ring expansion polymerisation with the presencstafnoxane initiator.

Other objectives in the first section are to gainérmation on molecular weight
development duringn situ polymerisation process and the thermal stabilityttee
materials. This information can be achieved whk gel permeation chromatography

(GPC) and thermogravimetric analysis (TGA) experitagrespectively.

Information on characterisation of CBT and c-PBTI ¥@ad to the second section
of the study which is to blend c-PBT with otheryokrs i.e. SMI (amorphous polymer).
In the first instance, this second section workoisee if the blend systems studied are
miscible or immiscible, and how this is affected dymposition. The objective is also to
investigate the effect of miscibility of blends ofPBT with amorphous polymer on the
rapid crystallisation process which found in c-PBhe crystallisation kinetics of the

blends will be examined.
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Chapter Two

MATERIALS AND METHODOLOGY

2.1 Materials

2.1.1Cyclic butylene terephthalate oligomers (CBT)

The CBT (grade XB2-CA4) of molecular weigh¥i(,= (220), (with n=2-7)) in
powder form was provided by the Cyclics Corporati(#135, Technology Drive,
Schenectady, New York 12308, USA). The XB2-CA4 aystcontained the stannoxane
catalyst and was termed a one-component CBT, whwzeresin and catalyst were
premixed. The general procedures for combining @B catalyst are described in a US
patent assigned to Cyclics Corporation [95]. ThelQias dried in a vacuum oven for 24
hours at 90C prior to processing. The general properties gpital values for CBT resin

(with polymerisation catalyst for use with compe}iare shown in Table 2.1.
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Table 2.1: CBT® resin general properties and its tgical values

Property Value
Appearance White pellets or powder
Melting range 120 to 200°C

Heat of melting 64 J/g

Density 20°C (solid) 1.3 g/eni

Bulk density (as pellets) 0.7 g/ém

Water content <1000 p.p-m

1.25 J/(¢°C) solid

Specific heat 1.96 J/(°C) liquid

Typical Processing Temperature 180 to 250C
Maximum Processing Temperature 260°C
290°C (air)

Decomposition Temperature 370°C (nitrogen)

Polymerisation molecular weight
(gel permeation chromatography >100,000

(GPC) relative to polystyrene standard)
*Ref: Product information from Cyclics Corporation.

2.1.2Stannoxane

The initiator which is stannoxane (technically kmoas 1, 1, 6, 6-tetra-n-butyl-1,
6-distanna-2, 5, 7, 10-tetraoxyacyclodecane) intavhowder form was also supplied by

the Cyclics Corporation (2135, Technology Driveh&uectady, New York 12308, US).
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2.1.3Poly (butylene) terephthalate (PBT)

The linear poly (butylene) terephthalate (PBT) (B®MT) in pellet form was
purchased from Polyram through Plastribution Lihit@1 Market Street, Ashby de la
Zouch, Leicestershire, LE65 1AH United Kingdom).iSTRPBT is a high viscosity grade
which is formulated for general purpose and ingttinoulding applications. This material
was also dried in a vacuum oven for 24 hours at®@rior to processing. The general
properties and typical values for PBT resin sugply its manufacturer are shown in

Table 2.2.

2.1.4Styrene maleimide (SMI)

Styrene maleimide (SMA® 1000I) resin in a powdemfowas supplied by the
Sartomer Company (502 Thomas Jones Way Exton, BA119JS). The SMA® 1000l is
a low molecular weight copolymer of styrene and etimplaminopropylamine maleimide,
with an approximate 1:1 mole ratio. The typical gihgl and chemical properties from the

manufacturer are shown in Table 2.3.
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Table 2.2: Datasheet of PBT (PF100NT) from Polyram

U)

U7

U)

PHYSICAL PROPERTIES UNIT | TEST METHOD VALUE!
DENSITY glem? ISO-1183 1.3
WATER ABSORPTION % ISO-62 06
MOULD SHRINKAGE % 1ISO-2577 2.1-2.3
MF| g/10 min| 1SO-1133 250/2.16 25
MOISTURE ABSORPTION 025
23°C, 50% RH % 1ISO-62 '
MECHANICAL PROPERTIES | UNIT | TEST METHOD VALUES
TENSILE YIELD STRENGTH |/ SO-527 -
ELONGATION AT BREAK % SO-527 50
FLEXURAL STRENGTH VPa SO-178 o5
FLEXURAL MODULUS VPa SO-178 3000
NOTCHED 1ZOD IMPACT

STRENGTH +23 °C kit 1SO-180 >
THERMAL PROPERTIES UNIT | TEST METHOD VALUES
HDT AT LOAD 1.8 MPa o SO.752 20

HDT AT LOAD 0.45 MPa oc ISO.752 170
GLOW WIRE TEST o EC 60695 250
MELTING POINT o bSC .
ELECTRICAL PROPERTIES UNIT | TEST METHOD VALUE!
VOLUME RESISTANCE r(T)]hm X | \EC 60093 10M6
DIELECTRIC STRENGTH imm | IEC 60250 20
DIELECTRIC CONSTANTAT |\ | |2 60250 35

1IMHZ
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Table 2.3: Typical physical and chemical propertie®f SMA® 1000l

Glass transition temperaturg, °C

Properties Values
Acid Number (mg KOH/qg) <1
Appearance Pale yellow
solid
Color, Gardner <5
Solubility in Acetone, g/100 ml. @ Z& >40
Solubility in Ethyl Acetate, g/100 ml. @ 28 >40
Solubility in Methyl Ethyl Ketone, g/100 ml. @ 28& >40
Solubility in THF, g/100 ml. @ 23C >40
Solubility in Toluene, g/100 ml. @ 2& >40
70 -90

2.2 Summary of the experimental work

Overall, this study consist of two sections i.dhamacterisation of materials and

blends of c-PBT. The summarries of both sectiomesilarstrated in Figure 2.1 and Figure

2.2, respectively.

2.3 Preparation of the blends by solid dispersion

A powder mix of CBT and SMI was produced at vari@esnpositions ranging
from 90 to 10 wt% of CBT. The powder blends wereediin an agate mortar and pestle
until a homogeneous blend was observed. This oasenvwas facilitated due to the

colour difference between the component powderst B&6 pale yellow and CBT was

white.
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2.1 MATERIALS

CBT (XB0, XB2, XB3), Initiator (Stannoxane), SMINB\ 1000I), linear
PBT (100NT)

A 4

2.4: DSC

2.4.2.2: Dynamic scan of materials, i.e., CBT
(XBO, XB2 & XB3) (XB2 was chosen for
further experiments), stannoxane, SMI and
linear PBT.

2.4.2.3: Production of c-PBT near melting
point of CBT.

2.4.2.4: Effect of temperature on concurrent
crystallisation and polymerisation process of
CBT.

2.4.2.5: Studies on the optimum condition of
production c-PBT.

2.4.2.6: Isothermal Crystallisation Studies of
PBT

)
1

A 4

2.5 FTIR

2.5.2.2: Determination of functional groups
in materials.

2.5.2.3: Study ofn situ polymerisation effect
on functional group of CBT and c-PBT.

A4

2.7: Hot-Stage

2.7.2.2: CBT response during heating

2.7.2.3: Study of the simultaneous
crystallisation & polymerisation processes
CBT from 150 to 220C.

A4

2.6: GPC

2.6.2.2: Study of the molecular weight (Mw)
development of CBT (30, 150,170,190, 230 &
240°C)

2.6.2.2: Study of the Mw of CBT at optimum
conditions (190C for 0, 3, 5,10,30,60 min)

L

v

A4

2.8: TGA

2.8.2.2: Determination of degradation
temperature of materials.

2.8.2.3: Thermal stabilities of materials at
selected temperatures.

To c-PBT blends study

Figure 2.1: Schematic diagram of materials charactesation
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Solution Blending
- dissolved CBT (XB2) and
Polycarbonate (PC) in 1, 2

From materials characterisation

v

CYCLIC
POLYESTER

Dicholoroethane (50/50)
then precipitate in excess
Hexane.
Abandoned because of
inconsistent results.

BLENDS

2.2: Solid dispersion

CBT/polymer powder mixed
(90/10, 80/20, 70/30, 60/40,
50/50, 40/60, 30/70, 20/80, 10/90)

A 4

Two-roll mill

- CBT blended with

LLDPE using a two-roll

mill at 140°C.

Abandoned because of
inconsistent results.

2.4: DSC

2.4.2.7: DSC dynamic scan of the CBT/SM

solid dispersion

2.4.2.8:In situ polymerisation of the blends

2.4.2.9: Measurement of glass transition
temperature'(g) of the blends.

2.4.2.10: Isothermal Crystallisation Studies

of c-PBT/SMI Blends.

A 4

polymerization.

2.5: FTIR

2.5.2.4: Study of CBT/SMI powder mixed
and c-PBT/SMI Blends.

2.5.2.4: Study of the blends affersitu

\ 4

2.9: SEM

2.9.2: Study of the c-PBT/SMI blendd
fracture surface.

Figure 2.2: Schematic diagram of c-PBT blends study
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2.4 Differential scanning calorimetry (DSC)

2.4 1Introduction

Differential scanning calorimetry (DSC) is one betthermal analysis techniques
usually used to identify the thermal transitionsd ameasure the heat capacity of a
specimen as a function of time or temperature. DBE experiment provides qualitative
and quantitative information about physical and naical changes which involve
endothermic and exothermic processes using a mir@maunt of sample. It is typically
done at atmospheric pressure. That means DSC mesasitg constant-pressure heat
capacity. At constant pressure, the DSC measueesriount of heat input required to
raise the temperature of the specimen BZ1 This heat capacity is normally normalized
by dividing the specimen heat capacity by the nunobgrams to know the heat required
to raise 1 g of specimen by°C. In general, DSC can be used to determine thesgla
transitions, crystallisation point, and degree ofstallinity, melting point and heats of
fusion. DSC also can be used to study crystalbsatind reaction kinetics, as well as

thermal stabilities.

2.4.2DSC experimental procedures

2.4.2.1General

The thermal analysis of the materials used in $higly was performed using a
Perkin—Elmer differential scanning calorimeter (D%CThe DSC consists of two sample

chambers where an empty pan is placed in the referehamber and a pan with a polymer
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specimen is placed in the sample chamber as shovagure 2.3. In the initial step to
perform a DSC experiment, the sample and referenamber need to be heated or cooled
until they each reach the selected starting tenyperaThe experiment is then begun and
the temperature increased at fixed number of de@relsius per minute. During an
experiment, the DSC control will monitor the tengiere in each chamber whefehe
temperature differs from the programmed temperatureither chamber, more or less
energy,Q is be supplied to the sample holder to maintaindmperature the same as that
of the reference holder. This rate is registeredhieyinstrument and plotted either against
temperature,T or against timd,. It is generally possible to assume that, awagnfany
transitions in the sample, the sample and the sapguh are at the same temperature and

that the sample and reference pans are identtcalen follows thatdQ/dt = mC , where
m is the mass of the sample a@g is the specific heat per unit mass. Generallyhin t

DSC experiment, the difference in the energy sepplo the two chambers per unit time
(or dQ/dt) is proportional to the heat capacity of the seEmphis energy difference is

then monitored electronically.

To ensure accuracy and reliability of the data ioletd this machine was

temperature calibrated with pure indium and timmdtads having equilibrium melting
temperatures T, ) of 156.67°C and 231.97C, respectively. The indium equilibrium
enthalpy of fusion AH?) is 28.5 J¢ was used for power calibration. Experiments were

run with sample weights of 15 to 20 mg under argas with flowing rate of 20 cfmin™
to prevent moisture and oxidative degradation. iéet flow of the samples was corrected

by measured a baseline for the instrument usingetwpty aluminium pans.
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=y

Individual
heaters

Figure 2.3: The photograph and schematic diagram dDSC head [74]

2.4.2.2DSC dynamic scan of materials

To study the thermal behaviour of materials (i.BTCstannoxane and SMI), the

sample was subjected to the following heating araldileg steps:
(1) Heated to 240C at a 10 °C/min heating rate and kept for 1 mi24t °C;

(2) Cooled to 30 °C at a 10 °C/min cooling rate.

The melting trace of c-PBT was obtained by a sedwating of CBT sample at 10
°C/min to 240°C. The melting transition of linear PBT was obtairfeom heating the
sample from 30°C to 250°C at 10°C/min and subsequently cooled to the starting

temperature, followed by a second heating to Z5@t 10°C/min.
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Figure 2.4 depicts the melting transition of semystalline polymers. The melting
temperature is sometimes taken as the onset tetaperthe peak temperature, or the end
temperature (last trace of crystallinity). In tetsidy, we considered the end temperature as
melting point since it defines the temperature laicty all crystals disappear. The area
under a melting transition curve is the total amafrheat absorbed during the melting

process. The relevant area is shown as the shadonpin Figure 2.4.

Peak

Endo —

Onset End

Relative heat flow/ mW

Temperature / °C

Figure 2.4: The typical melting transition of semierystalline polymer
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2.4.2.3Production of c-PBT near melting point of CBT

To study the production of c-PBT near the meltiognpof the CBT (142C) three
temperatures were selected, i.e. T®) 155°C, and 160°C. The CBT samples were
heated to the target temperature from a startingpéeature of 30C at 10°C/min. The
sample was then held at various times (5 to 60 teg)uat the target temperature. After
that, the sample was cooled back to room temperailre same sample was subsequently

heated again to 24T at 10°C/min to record the melting transition of c-PBT.

2.4.2.4Effect of temperature on simultaneous polymerisatio and crystallisation

With the aim of understanding the simultaneoustatlsation and polymerisation
processes which occur after the melting of CBTarape of CBT was rapidly heated (100
°C/min) to a temperature above the melting peak®T,G.e. 150°C, 160°C, 170°C, 180
°C, 190°C, 210°C, and 220°C. The sample then was held at the target temperatil
the crystallisation curve was completed i.e., faed back to baseline. The sample was
cooled back to room temperature and heated aga24@GC at 10°C/min to record the

melting of the resulting c-PBT.
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2.4.2.5Studies on the optimum condition for production ofc-PBT

A temperature of 190C was selected to study the formation of c-PBT.afgle
of CBT was rapidly heated (10€/min) to 190°C and held for various times (i.e., 0, 3, 5,
10, 30 and 60 minutes). This sample was cooled tmaokom temperature after holding at

various time and heated again to 2@at 10°C/min to study the melting of c-PBT.

2.4.2.6lsothermal crystallisation studies of c-PBT

The isothermal crystallisation experiments weretatbas follows: the CBT sample
(20 mg) was heated at 100/min and held at 190C for 10 minutes to polymerise CBT to
c-PBT. The sample was then rapidly heated (00nin) to 10°C above the observed
melting point and held at this temperature for hutes to ensure complete melting. Then

the sample was quench-cooled to the desired ciigatadn temperature T() at

160 °C/min and held at the crystallisation temperatungil the calorimeter response
returned to the baseline. The melting trace was tletermined from the heating run after
each complete crystallisation. Isothermal melt t@alisations were carried out in the
temperature range of 197 to 20C. The crystallisation and melting processes were

analysed using the Avrami and Hoffman-Weeks metli@8li99], respectively.
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2.4.2.7DSC dynamic scan of the CBT/SMI solid dispersion

To study the thermal behaviour of CBT/SMI solidpdission, about 20 mg of the
sample was heated to 240 °C at a 10 °C/min heedilegand kept for 1 min at 240 °C. The
sample was then cooled to 30 °C at a 10 °C/minicgahte to detect any crystallisation
transition occurring. After holding for 1 minute 3® °C, the sample was heated again to
240 °C at a 10 °C/min heating rate to study therntia¢ behaviour of resulted

c-PBT/SMI blends.

2.4.2.8In situ polymerisation of the blends

As the optimum condition to produce c-PBT was fotade 190 °C isothermal
hold for 10 minutes, this condition was adoptegtoduce c-PBT/SMI blends. The solid
dispersion of CBT/SMI in various composition rargiinom 90 wt % to 10 wt % of CBT
was heated rapidly (100C/min) to the polymerisation temperature (1'@) and held at
that temperature for 10 minutes. This step alloweslin situ polymerisation of c-PBT
within the SMI copolymer. The samples were thenleddack to 30 °C followed by
heating the same sample to 240 °C at a 10 °C/nntoastudy the effect of composition

on thermal behaviour of the blends.
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2.4.2. 9Measurement of glass transition temperature ;) of the blends

Blend samples were heated rapidly to the polymeoisagemperature (190C) and
held at that temperature for 10 minutes. Followtihig isothermal hold, the sample was
then heated to above the c-PBT melting point anmtbxed from the DSC to enable a rapid
quench into liquid nitrogen. The sample was themarsed in the liquid nitrogen until

further DSC experiment to measure the glass tians{f,) and the specific heat of the
sample AC,). This ensured that both blend components wererg@mas since c-PBT

could crystallise at room temperature.

The experiment begun with the empty pan to obtaénbaseline of the experiment
(heating from -10°C to 240°C at 10°C/min and cooled back to -1 at 10°C/min).
After temperature reached -1Q, the sample which had been immersed in liquichgén
was quickly and carefully transfers to the samg@e.prhe sample was re-run under same
experiment condition (heating from -@ to 240°C at 10°C/min). The DSC trace
obtained was then subtracted with the baseline. Tthevas measured from the midpoint
of the inflection of the specific heat plot withriperature, using Pyris software [100, 101]

and theAC,, was taken as the size of the step as illustraktégure 2.5.
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Figure 2.5: The determination of T,

2.4.2.10Isothermal crystallisation studies of c-PBT/SMI bleds

For the c-PBT blends, the isothermal crystallisatexperiment followed these
procedures: 20 mg of a powder mixture of CBT witfilSvas heated at 100C/min and
held at 190°C for 10 minutes to produce c-PBT blenda in situ polymerisation. The
blend sample was then rapidly heated (at XDnin) to 10°C above the observed melting
point and held at this temperature for 5 minutegnsure complete melting. The blend

sample was then quench-cooled at I'&min to the desiredlT, and held at this

temperature until the calorimeter response retutodtie baseline. The melting trace was
then determined from the heating run after eachptet® crystallisation. Isothermal melt
crystallisations were carried out over the tempgeatange of 197 to 20 for the blend
samples. The crystallisation and melting proces$éise c-PBT blends were also analysed

using the Avrami and Hoffman-Weeks methods [96-88pectively.
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2.5 Fourier Transform Infrared Spectroscopy (FTIR)

2.5.1Introduction

Fourier Transform Infrared (FTIR) is the preferradthod of infrared spectroscopy
for polymer work. In general, IR radiation is passhirough a sample. Some of the
infrared radiation is absorbed by the sample amdesof it passes through (transmitted).
The resulting spectrum represents the moleculaorpbisn and transmission, creating a
molecular fingerprint of the sample. No two uniquelecular structures produce the same
infrared spectrum. This makes infrared spectrosag®ful for several types of analysis.
FTIR is used to identify unknown materials, deterenthe quality or consistency of a

sample, and determine the amount of componentsniixtare.

2.5.2FTIR experimental procedures

2.5.2.1General

FTIR spectra were obtained on Nicolet Magna @R-8TIR spectrometer. Two
methods were adopted to measure the FTIR spe@rdransmission and attenuated total
reflectance (ATR) using the ‘Golden-Gate’ accessg@pecac, UK) [102] as shown in
Figure 2.6. In the transmission technique, IR raoinais passed through a sample. While,
in the ATR technique, IR radiation is reflected kaards and forwards between the
crystal and the surface of the sample. Approxingafeto 10 microns is the length over

which radiation is able to penetrate in the sanugieg this technique. The absorption of
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radiation at the corresponding wavelengths depemsthe incident angle and the

refractive indices where the beam is reflected ftbensurface of the sample.

Beam condensing lenses

Optical path from IR source
/& Sample holder

Optical path
to detector

Figure 2.6: The ‘Golden-Gate’ accessory for ATR tdanique (left picture from
Www.specac.com)

2.5.2.2Determination of functional groups in materials

A background absorption spectrum was taken befacd eun and subtracted from
the sample spectrum. Then, the samples of CBT (powdinear PBT (sheet), c-PBT
(taken from the DSC pan), stannoxane (powder) avd (fowder) were placed on the
Golden Gate accessory sample holder using an Aglihigue. All spectra were recorded

from 750-4000 cril. A total of 100 scans at a resolution of 2'cwere averaged.
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2.5.2.3Study of in situ polymerisation effect on functional group of CBT &ad c-PBT

A sample of CBT on a KBr disc (0.5 wt % CBT) wasag#d on the hot-stage
sample holder. This hot-stage was then attacheth@oNicolet Magna IR-860 FTIR
spectrometer to measure FTIR spectra using trasgmisechnique. To study the effect of
in situ polymerisation on functional groups of the CBT |RBpectra were taken every 10
°C interval starting at 30C and from 100C to 240°C. All spectra were recorded from
750-4000 crit at a resolution of 2 cthand a total of 100 scans were accumulated. The
spectra were also taken during the cooling prooéssPBT from 240°C to 100°C and at
30 °C. The experiment was repeated with the same puoeassing the same sample to

study effect of temperature on functional groug-¢fBT.

2.5.2.4Study of CBT/SMI solid dispersion and c-PBT/SMI Blends

The samples of CBT and SMI powder mixed at varioaspositions were placed
on the Golden Gate sample holder for the ATR teqmni All spectra were recorded from
750-4000 crit. A total of 100 scans at a resolution of 2 ctmere signal averaged. The
background absorption spectrum was taken beforé eaw and subtracted from the
sample spectrum. The experiment were then repeaittdthe c-PBT/SMI blends at
various compositions whicln situ polymerized first in the DSC. Both spectra were
analysed to study the effect iof situ polymerisation in production of c-PBT/SMI blends

and their composition.
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2.6 Gel Permeation Chromatography (GPC)

2.6.1Introduction

The common way to determining the molecular we{gdtt,) of polymer is using

gel permeation chromatography (GPC) also called skclusion chromatography (SEC).
In gel phase chromatography technique, a dilutgrpel solution is introduced into the
column which filled with beads of a rigid poroud.géhese beads are selected such that
the sizes of its pores are in the range of thessidgolymer molecules. As the polymer
solution passes through the column, the largermetymolecules pass out through the
bottom of the column faster than smaller molecalgeshey do not fit into the pores. The
smaller molecules are spend more time in the colbafare coming out at the bottom as
they diffuse in and out of the pores via Browniaation and are delayed. To measure the
molecular weight, the elution fractions from thetbm of the column were collected. In
theory, the first fractions will be more concentiatn high molecular weight polymers and
the elution fraction will be more concentrated mcreasingly lower molecular weight
polymer with time. The complete molecular weighétdbution can be gain by plotting
these concentrations as a function of time or @wtrolume. The illustration of GPC
experiment is shown in Figure 2.7. The retentiametis the length of time that a particular

fraction remains in the columns [103].
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Figure 2.7: lllustration of the GPC experiment [103

2.6.2GPC experimental procedures

2.6.2.1General

The samples were sent to Smithers Rapra TechndalimgyShropshire, SY4 4NR,

UK) to determine theM , development upon polymerisation of CBT to c-PBihg<$GPC.

This technique also used to study the effect oB@-Reld at high temperatures for various

times. The samples have been analysed using 13, 3f&xafluoro-2-propanol (HFIP) as
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the solvent. The data were collected and analysatyuPolymer Laboratories ‘Cirrus’

software [104].

2.6.2.2Sample preparation

In order to study the development bf,, the sample was first conditioned using

the DSC as described in Table 2.4. A single saubb each sample was prepared by
adding 10 mL of solvent to 20 mg of sample and ilgavt overnight to dissolve. The
solutions were well mixed and filtered through 430um polytetrafluoroethylene (PTFE)
membrane prior to the chromatography. All massesvariumes in this section are only

approximate.

The sample descriptions of the stublly, development during production of c-PBT

under optimum condition (polymerised at 1'®0) are shown in Table 2.5. The sample was

rapid heated (1080C/min) to 190°C using the DSC, and held at various time.
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Table 2.4: Conditioning of CBT for M, determination

es
C-

e

Sample Sample Description
1 CBT in powder form.
) CBT heated to 150C at 10°C/min.
(Melting temperature of cyclic oligomers is 142)
3 CBT heated to 17€C at 10°C/min.
(Crystallisation and polymerisation occur at tleisperature)
4 CBT heated to 190C at 10°C/min.
(Crystallisation and polymerisation occur at tleisperature)
. CBT heated to 210C at 10°C/min.
(Crystallisation complete at this temperature)
CBT heated to 230C at 10°C/min.
6
(c-PBT formed. TheT,, of c-PBT is 225C)
7 CBT heated to 240C at 10°C/min.
Table 2.5: M, of c-PBT produced at optimum condition
SAMPLE | TEMPERATURE | HOLDING SAMPLE DESCRIPTION
HELD (°C) TIME (Min)
1 190 0 Polymerisation not yet complete.
2 190 3 Polymerisation occurs.
3 190 5 Polymerisation occurs.
Optimum  polymerisation time fq
4 190 10 production of c-PBT.
Polymerisation complete but caug
5 190 30 double melting peak on re-melting
PBT.
Polymerisation ~ complete. Doub
6 190 60 melting peak on re-melting c-PBT shifts
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2.7 Hot Stage Microscopy

2.7 .1Introduction

The development of crystallinity with time and tezngture was recorded using a
Zeiss polarizing microscope equipped with a LinkBMHS 600 hot stage as shown in
Figure 2.8. In this technique, we are able to r@dbe photomicrographs of the melting

process and the development of crystallites dufiegcrystallisation process.

Figure 2.8: A Zeiss polarizing microscope equippedith a Linkam TMHS 600 hot

stage (inset shows the hot-stage unit)
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2.7.2Hot-stage microscope experimental procedures

2.7.2.1General

A sample of CBT powder (>5 mg) was compressed etvieo microscope slides
then inserted in the hot stage. Photomicrographapptopriate intervals of time were
captured using a Pixelink PL-A662 digital camerapled with the software LINKSYS 32

[105].

2.7.2.2CBT response during heating

The sample was heated to 240 °C at a 10 °C/minntgeedte and kept for 1 min at
240 °C, then cooled to 30 °C at a 10 °C/min cooliat. The experiment was repeated
under the same conditions with the same sampleitly she crystallisation and melting of

c-PBT.

2.7.2.3Simultaneous polymerisation and crystallisation ofCBT

The sample of CBT was rapidly heated (100 °C/minjemperatures above the
melting peak of CBT, starting at 150 °C up to 220with 10 °C interval. The sample was
then held at the target temperature and the photographs were recorded at appropriate
intervals of time were captured until the cryssation process was completed (based on

DSC results in section 2.3.2.4).
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2.8 Thermogravimetric Analysis (TGA)

2.8.1Introduction

In thermogravimetric (TGA) experiments, the masssample is measured as a
function of temperature and time [106, 107]. Theerknent is performed in a defined
atmosphere, usually in argon, nitrogen or in aird@ygen) which can be carried out in a
dynamic mode at a controlled heating rate or isotlaly as for DSC experiment [106,
107]. During heating, the mass of sample is measusing a highly sensitive electronic
microbalance. In general, TGA is used to deterngaolmer degradation temperatures,
residual solvent levels, absorbed moisture conterd,the amount of inorganic filler in a
polymer [107]. Thermal degradation reactions tyfhyceause the weight to decrease and

thus decreases in weight are a sign of thermadbiigtes [106].

2.8.2TGA experimental procedures

2.8.2.1General

The TGA experiments were carried out using a Nétz3apiter STA 449C
thermogravimetric analyser in an air atmospherechtiowed at 50 cfimin™. Before
every experiment, two empty ceramic crucibles weleee in the TG analyser sample
holder and scanned to the same temperature axpleeiraental conditions. This step is
essential for a baseline correction. A sample d& 8.0.5 mg were used for all

measurements.

a7



2.8.2.2Determination of degradation temperature of materids

The sample was heated in the dynamic mode frorfiC3t 800°C at 10°C/min
with the aim to find the degradation temperature dach material. The weight of the
sample as a function of temperature was recordadglthe experiment. The temperature
of degradation was considered as the onset of ¢ive pvhere the mass of the sample

dropped from the baseline.

2.8.2.3Thermal stabilities of materials at selected tempetures

The material was heated from 3D to the target temperature (190 or 24) at 10
°C/min. This sample was then held in isothermal miodé0 minutes. The weight of the

sample as a function of time was recorded duriegettperiment. The thermal stabilities of

each material at that temperature were analysddRvdteus Analysis software [108].

2.9 Scanning Electron Microscopy (SEM)

2.9.1Introduction

The scanning electron microscope (SEM) is a typeleftron microscope. The
SEM can capture the sample surface images by saamnwith a high-energy beam of
electrons in a raster scan pattern. SEM can promidiaenation about the sample's surface

topography, composition and other properties sushekectrical conductivity [109].
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Photomicrographs from SEM are also widely usedalymper work especially during the

study of polymer morphology.

2.9.2SEM experimental procedures

A solid dispersion of CBT/SMI was place in a smalitangular shape mould. The
mould then heated to 19C by hot plate to perfornm situ polymerisation of the blends.
The effect ofin situ polymerisation were studies in various time; 5, 30, 60 minutes.
The sample was quenched in an ice bath to freezmtinphology after a desired time. The
rectangular shaped bar of the c-PBT/SMI blend samplere taken out from the mould
and was broken into two pieces to form a fractundase. The fracture surfaces of the
samples then were gold coated. Scanning electramostopy (SEM) photos of the

fracture surfaces of c-PBT/SMI blends were takema dEOL JSM-6060LV.
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Chapter Three

CHARACTERISATION OF c-PBT:
THERMAL BEHAVIOUR

3.1 Introduction

3.1.1 Background of CBT polymerisation

From previous work it was known that CEO could bepared by pseudo-high
dilution techniques [13, 16], and also by ring-chaquilibrium (depolymerisation) [14,
16]. Most of the early work of preparation of CE@sacarried out using various types of
tin and titanium catalysts. Brunelg al. in 1998 patented the efficient use of a titanate

catalyst for the preparation of CBia depolymerisation in a continuous reactor [45].
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The ring opening polymerisation (ROP) of CBT inwsvinitiation to form an
active chain end, followed by a propagation reactie shown in Figure 3.1. This process
will continue until all the cyclic oligomers are pleted and the ring chain equilibration
becomes degenerate [16]. The initiator becomes imiidl the polymer. This process only
terminates if the sample is quenched. Becauseeafdize, the cyclic oligomers are nearly

strain free which causes the polymerisation protedse almost thermo-neutral [13, 16,

50].
Initiation:
U O (CHy
J) THOR) O j—j]\
_"\-\.'l [ 4 [.'H.". .
R = 2-ecthylhexyl
o 0—(CHa, 0 i+l
i
Propagation:
0 0
[+ —= /Il\ C :
RO s S Hh““u THOR}1
2n+1)

Figure 3.1: Ring opening polymerisation of CBT [16]

On the other hand, Miller [14] in his PhD study dsed on the polymerisation of
CBT using a stannoxane cyclic initiator. He belewhat the unique ring expansion

polymerisation of use in his research produced mpyclic molecules having no
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catenation or knotting. The use of stannoxanenégtors leads to ring expansion
polymerisation (Figure 3.2). With this type of iatbr, the process allows for rapid growth
of the ring as four active initiation sites may smin the cyclic structure during

polymerisation. This mechanism suggests a backepiteaction that expels a large cyclic
structure containing one or no initiator fragmeritse reversible side reaction allow for a
distribution of active and inactive macro-rings angossible living system which reaches

an equilibrium distribution of molecular weight.

0 Bu Bu
1]
//\O—C‘/‘—\\
Bu /O Cn
Sn Bu B
; O\\/ : Iﬁ ~
0-S4—0 (\o—c

F Bu,a O

Figure 3.2: Ring expansion polymerisation of CBT [}, 14]
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Previous studies [13, 14, 34-36, 50, 51] also aaded that the polymerisation
reaction was typically carried out at 180-2@) just below the melting point of PBT (225
°C). According to Brunelleet al. [13, 16], the completeness of polymerisation was
controlled by three factors: 1) purity of the moreys) 2) complete mixing of initiator
before polymerisation which caused the viscosityntorease to the point where mixing
stopped (the initiator needs to be intimately mixsdh the molten cyclic), and 3)
polymerisation at a high enough rate that it wasesally complete before crystallisation

occurred.

3.2 Results and discussion

3.2.1 Thermal behaviour of CBT, c-PBT, catalyst (stanngane) and
linear PBT

Figure 3.3 illustrates the heating trace of CBThatit any catalyst at a rate of
10 °C/min. The melting peak was observed at 1@2 It is well known that this peak
corresponds to the melting of CBT as many earkeearchers [12-14, 34-36, 50, 51, 67]
found and concluded that the peak was due to thengef the oligomers. From Figure
3.3, it can be seen that CBT is found to melt cwvdsroad range. The start of melting
process was observed from 12ZDand the process completed at 2Z2 Mohd Ishalet al.
[35] concluded that the broadening of the shouldesulted from different melting
temperatures of the oligomers present in the CBY previous study found that CBT
obtainedvia depolymerisation comprised of different proporfiasf oligomers indicated

by slightly different melting temperatures [21].
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Figure 3.3: Typical DSC heating trace of CBT (XBO -without catalyst)

The typical DSC heating traces of CBT in the presenf stannoxane (0.25 wt %)
for the first dynamic scan at a rate of X@'min, is shown in Figure 3.4. Obviously, it can
be seen that two melting peaks were observed snhimating trace. With the presence of a
suitable catalyst such as stannoxane, CBT is utmdelsto undergo simultaneous
polymerisation and crystallisation processes [23,3, 39, 67, 110] . This is believed to
occur over the temperature range of 172 to 2@5 However, only the crystallisation
transition appears as a dip at T&in this temperature region since the polymeiisais
an entropically driven ring-expansion polymerisatiagesulting in an almost thermo-

neutral reaction [13, 16, 50].
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Figure 3.4: Typical DSC heating and cooling tracefaCBT (XB2 - containing

stannoxane)

Brunelleet al. [13, 45], who extensively investigated the polyreation of CBT
using tin and titanium catalysts found that the50a % of stannoxane catalyst allowed
the CBT polymerisation to be completed within 23taninutes at 190C. While Miller
[14] in his thesis also concluded that CBT polymsed and crystallised at 19C. He
found that both processes produced a cyclic PBThvhas a 50 % crystalline structure.
This structure consisted of lamella which exhibigedingle melting peak at 22%& [14].

On the cooling of this sample, the re-crystall@atprocess occurred in the region €0

to 160°C.

55



Endo —=
H S
o (6)]
1 1

w
a1
1

w
o
1

Heatflow /mw
S xR
1 1

Iy
[&)]
1

=
o
1

T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240

Temperature/°C
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Figure 3.6: Analyses of melting transition of c-PBTand linear PBT
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The second dynamic run of the c-PBT (Figure 3.®mwshno oligomers melting
peak suggesting that the oligomers converts tonpetyupon the first dynamic run of CBT.
Figure 3.6 compares the heating transition of c-pBJXuced from CBT with commercial
linear PBT. The melting transition of commerciahde PBT was found to be 1Q higher
than the c-PBT which was produced from CBT. Theeoked melting peak for c-PBT in
the first dynamic run of CBT is very sharp and syetmcal which suggests that the
spherulites have a high degree of uniformity iresind perfection. High degrees of crystal
perfection are reported in the literature for c-PB3B, 14] and are an interesting result

since such perfection in linear PBT can only baeaad with large cooling times [90].

The degree of crystallinity X.) of c-PBT which was formed in this study was

calculated according to Equation 3.1:

AH _
Xe = INYE X100 (Equation 3.1)
f

where,AH ; is the measured (by the DSC) heat of fusiontferdample andH °+ is the

heat of fusion for 100% crystalline polymer. Accoglto work published earliedH °+
which used to calculate the degree of crystallioitye-PBT is 85.75 J/g [34, 35, 67, 111,
112]. From the calculation, we observed that thegreke of crystallinity ) of c-PBT
which was formed during dynamic heating of CBTates of 10C/min was 5% 1 % and

this result is higher than the degree of crystiliof linear PBT which was 5% 1%. This

finding is in agreement with previous studies ogrde crystallinity of c-PBT [34, 35, 67]
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On the other hand, in the second dynamic run thie m&lting peak shifts to a
lower temperature, closer to 22€. This suggests that after heating above the mgelti
temperature lamellar thickness and hence sphemditeection and melting temperature
decrease. The degree of crystallinity on re-hgathiPBT was reduced to 531%. An
interesting result is the double melting behavisuggested by the shoulder on the main
melting peak. This situation is believed to arigaf the melting and re-crystallisation of
imperfect crystals during the re-heat [113-115].idt consistent with the behaviour
observed by Mohd Ishaét. al [36] when the CBT are heated abolg. Kong and Hay
[115] in their work on investigation of poly(ethyle terephthalate) (PET) melting
behaviour indicates that further -crystallisationoko place above the isothermal

crystallisation temperatureT() which caused the multiple melting endotherms. yThe

concluded that the multiple melting phenomenon ¢éesequence of the balance between
melting and re-crystallisation and the lamella khiess distribution existing within the

sample, prior to heating.

Since stannoxane is involved during ring expangotymerisation of CBT, an
examination of the thermal behaviour of stannoxams carried out in the temperature
range of the study. Figure 3.7 illustrates thedgpDSC thermogram of stannoxane. The
melting peak of stannoxane was observed at°Z30which agreed with previous studies
[14]. As the stannoxane undergoes a drying probefare DSC experiments, the first
endotherm peak is suspected to be the monomeS(B(O (CH),O) melting transition.
This melting peak still appears in the second D®@tihg trace using the same sample.
However, the presence of this stannoxane monomieelisved not to give a significant

effect as the quantity of stannoxane used inrfsgtu polymerisation process of CBT was
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low (0.25 wt %) [18]. The stannoxane heating tratehe Figure 3.7 shows signs of
instability above 170C. The thermal stability of this material will barther examined

with TGA experiments discussed at the end of thegpter.
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Figure 3.7: Typical DSC heating and cooling tracefesstannoxane (catalyst)

3.2.2 Polymerisation near the melting point of CBT

The previous studies found that the polymerisabbi€BT was typically carried
out between 160 and 20CQ [13, 14]. It has been reported that stannoxatiebeiactively
involved in the polymerisation reaction at temperes as low as 160C [14]. With the

aim to investigate the ring expansion polymerisatdCBT at low temperature, a study of
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polymerisation near melting point of CBT was pemied. Three temperatures i.e. 150,

155 and 160C were selected in this experiment.

Figure 3.8 shows the study of CBT polymerisatiot%0°C at various times. After
5 minutes, it was found that the ring expansioryp@risation was not complete. It can be
seen that a melting peak of CBT still appearedhi@ heating trace from the second
dynamic run of that sample. This trend continuemnewhen more time is allowed for the
polymerisation process. However, when more timall@eved (more than 10 minutes) for
the polymerisation process, the melting peak ofgblymer shifts to lower temperature.
This effect is believed to be related to the impetibn of crystallites formed after the

polymerisation process as discussed earlier.

An unknown peak also appeared before the meltirak pé the polymer for 30
minutes and 40 minutes holding times at P&) This unknown peak was probably a
consequence of multiple oligomers in the CBT, siitagas prepared by thaseudo-high
dilution technique [13, 16]. Through this techniguwyclic oligomers mixtures can be
prepared in yields as high as 90 % with excelletectivity over the formation of linear
oligomers [16]. On analysis of degree of crystaWint was discovered that polymerisation
for 20 minutes at 150C yields a higher crystallinity which is 571 % as shown in Figure
3.11. However, the degree of crystallinity of thelymer produced was reduced when
above 30 minutes was allowed for polymerisatiothég temperature. Polymerisation of
CBT at 155°C gives the same situation as polymerisation at “I5@Figure 3.9). This
suggests that at both temperatures, the CBT areongpletely melted and not really active

for ring expansion polymerisation.
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Figure 3.10: Polymerisation of CBT at 16(C and various times

Figure 3.10 presents the finding for polymerisattdrfCBT at 160°C conducted at
various times. All the heating traces show no magltiransition in the region of CBT
melting. These results are consistent with Millgf4] finding, where the ring expansion
polymerisation of CBT was active at temperatureslaas as 160°C. However, the
polymerisation took a long time to complete (ug@minutes) as shown in Figure 3.10.
The c-PBT produced under this condition (60 minaies60°C) yields 61+ 1 % degree of

crystallinity.
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oligomers melting

3.2.3 Effect of temperature on simultaneous crystalligtion and

polymerisation processes of CBT

From the studies of polymerisation near the melpomt of CBT, we saw that the
active temperature for the ring expansion polynagios could begin at 160C. It is
known that thein situ polymerisation of CBT occurred simultaneously withe

crystallisation process [13, 29, 34, 39, 67, 110hese interesting phenomena in cyclic
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oligomers have attracted many researchers to explod do scientific research. Since the
melting point of the CBT is below that of c-PBT ahe conversion from CBT to c-PBT is
sufficiently rapid at relatively low temperatureésothermal processing below the melting
point of PBT is possible. Depending on the degifesupercooling and the reaction speed,
this isothermal processing may result in simultarsepolymerisation and crystallisation

[53].

However, with thermal analysis techniques such &€ Donly the crystallisation
process could be monitored since the cyclic oligsnage nearly strain-free which means
their polymerisation is almost thermo-neutral [18, 50]. It is also believed that CBT
must be converted to a polymer of sufficiently highlecular weight before crystallisation

can commence [39, 53].

An experiment to understand the behaviour of camecur polymerisation and
crystallisation of this CBT in the temperature rarigg0°C to 210°C at 10°C intervals
was carried out. Figure 3.12 shows the crystaitisgprocess of CBT in this temperature
range. From the isothermal DSC trace at A60the low dip of the crystallisation process
was observed after 1-2 minutes. At 170 the crystallite development was observed
clearly after 3 minutes as shown in Figure 3.13 Tdde DSC traces also show strong
evidence that the crystallisation process occuaféel 1.5 minutes at 178C. When the
trace returns to the baseline after 5 minutesctigstallites start to saturate and thicken

(Figure 3.13 (b)).
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The faster crystallisation speed at lower tempeeatis characteristic of crystalline
lamellar growth during isothermal crystallisatioB9]. However, in some cases it was
reported that premature crystallisation (tempeesturelow 185C) or inefficient mixing
of catalyst could lead to incomplete polymerisatidb]. The typical and strongest
crystallisation was found at 180 and 19D It started at 2.5 minutes and was completed

after about 7 minutes.

Figure 3.14 (a) and (b) depict the crystallisatioocess of c-PBT at 19C. It was
observed that the crystallites appeared after 2Zitegnand this finding is in agreement with
the previous finding where c-PBT is a material viahinas rapid crystallisation process and
high crystallinity content [14]. Results from thegperiment suggest that the situ ring
expansion polymerisation occurred in a short peabtime. It was reported that 0.25 wt
% of stannoxane which is considered a fast catdhgst been found capable of completing

c-PBT polymerisation within 2 to 3 min at 190 [34, 50].

On the other hand, from the results of DSC expartsiand hot-stage microscope
examination, crystallisation processes were foundhdcome slower above 20C. For
example, the photograph (Figure 3.15 (a) and (bf)at-stage microscope examination
shows crystallites starting to appear after 1 rend it is still developing after 1 hour 30
min at 220°C. Slow crystallisation allows for a high degreecoystallinity and crystal

perfection. These large and perfect crystals mageaolymer brittleness [53].
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Figure 3.13: The crystallisation process at 17%C; (a) 3 min and (b) 5 min
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(b)
Figure 3.14: The crystallisation process at 19%C; (a) 2 min and (b) 3 min
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Hakme et al. [39], who investigated the polymerisation of CBT Hielectric
sensing claimed that polymerisation and crystalbsaoccured simultaneously at lower
temperatures (< 21TC). They also observed that the crystallisatiorobezs slower above
210 °C. Also, Partonet al. [53] claimed that polymerisation of CBT occurred
simultaneously with crystallisation at 19C but polymerisation and crystallisation were
consecutive at 230C. However, the choice of catalyst has a largecefd@ the polymer
conversion and the time required for polymerisafi@4]. Both the Hakmet al. [39] and
Partonet al. [53] studies used a catalyst which leads the @®BTndergo ring opening
polymerisation to produce linear polyester. In casii, stannoxane enabled the CBT to

produce a macrocyclic polymer through ring expamgiolymerisation [13, 14].

Figure 3.16 illustrates the melting transition eéPBT produced in the temperature
range 160 to 216C. In the range of rapid simultaneous polymerisatiad crystallisation
(160 °C to 190°C), the melting transition of c-PBT only showed iagie peak. This
signifies satisfactory crystal quality achievedidgrproduction c-PBT. Patroet al. [33,
53] have characterised the crystalline structure-BBT and have shown that c-PBT has
thick and well oriented crystalline lamellae. Millg4] concluded that if oligomers were
added to polymer chains that have already begueny&iallize, then only short amorphous
segments are attached to crystal growth frontschvim turn have a low probability of

becoming part of more than one lamellae thus fognignmolecules.
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(b)
Figure 3.15: The crystallisation process at 22%C; (a) 60 min and (b) 90 min
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Moreover, he claimed that the tie molecule denisitinfluenced by simultaneous
polymerisation and crystallisation. The transeftation catalyst remaining in the
polymer might also influence the amount of tie nsales. The catalyst molecules cannot
be included into the polymer crystal, but probablyncentrate at the surface of the
growing crystals. As a consequence of mechaniceidas arising from packing density
differences at the crystal boundaries, such a lbealsesterification enhancement would

drastically decrease the amount of tie molecul8§ [5

In that region (160 to 19%C) the melting transitions switch to lower temperas
and an increase in the degree of crystallinityise abserved. As reported earlier, the CBT
with 0.25 wt % of stannoxane was found to polyneatigvithin 2 to 3 min at 190C [34,

50] and it was believed that thesitu ring expansion polymerisation could be performed
under optimum condition at this temperature asréselting c-PBT showed only a single
melting peak and a high degree of crystallinitye3dé characteristics were reported for c-
PBT, where there is only a single melting peak tuéhe ‘usual’ crystallites and higher
degree of crystallinity than the linear PBT [10, 13]. The temperature of 19C then

was chosen to polymerise CBT in order to produ#a-
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In contrast, when CBT polymerised above 2@0the melting point increased to a
higher temperature which is near to the meltingnpaf linear PBT. In the case of
polymerisation of CBT at 210C where the crystallisation process is slow and not
complete (Figure 3.12) in the time given, the patymroduced will show double melting
(Figure 3.16). It is believed that the ring expanspolymerisation is also not complete
which leads production of mixed spherulites or rdibxayclic and linear structures. With
this assumption, it was suggested that the simeitas polymerisation and crystallisation
process in the production of c-PBT from CBT withe tpresence of cyclic catalyst
(stannoxane) could not be separated. It starts patymerisation and when the molecular
weight reaches an appropriate level the crysté#ltisgorocess can begin. That means that
the crystallisation process began before the palgaigon process was complete. In the
assessment of melting behaviour of c-PBT and peofe®f crystallites formed, it was

believed that polymerisation and crystallisatioa eompleted in the same region.

3.2.4 Studies on the optimum condition for production é c-PBT

An investigation of the production of c-PBT at ideal temperature (19TC) over
various polymerisation times (0 to 60 minutes) whme. Figure 3.17 presents the
crystallisation process fan situ polymerisation of CBT at 190C. From that figure we
know that the crystallisation process has still begun after 1 minute. The crystallisation
process only undergoes half after 3 minutes andolasrved back to the baseline after 5
minutes. The resulting polymer melting transitisrshown in Figure 3.18. It was observed

that the polymerisation process was begun befgrgtallisation started as can be seen in
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holding CBT for 1 minute. However, the polymer pumodd shows double melting. It is
believed that the ring expansion polymerisationascomplete and produced mixed cyclic

and linear PBT.

The double melting phenomenon was still found &nple held for 3 minutes. It is
interesting to observe that the higher melting peak reduced and the lower melting peak
increased. Below 3 minutes the crystallisatiommplete. Therefore, during the re-heat
the process can continue, giving rise to an aduitionelting peak. However, a single
melting transition was found for the sample whidlbveed 5 minutes polymerisation time.
When the holding time was increased to 10 mindkessingle melting peak of c-PBT was
found to be more sharp and symmetrical. It is ssiggkthat the 10 minutes polymerisation
time could produce a high degree of uniformity imesand perfection spherulites. It was
calculated that the degree of crystallisation OPBF which produced under these

conditions (polymerised at 19C for 10 minutes) is 88 1 %.

In the other hand, the longer polymerisation tifies 30 and 60 minutes) leads the
production of double melting and the melting tréinsi shifted to higher melting peak. As
shown in Figure 3.18, the CBT samples which allowelymerised for 30 and 60 minutes
shows broad melting peak and the degree of criystgllwas reduced. This situation
occurred, it is believed, because of the stabdftgatalyst used in this study. The stability
of stannoxane will be further discussed in thertfarstability study (Section 3.27). The
instability of catalyst could break the cyclic stture and resulted in mixed structure
between cyclic and linear PBT. It is also suggeat the form of imperfection spherulites

upon 30 and 60 minutes polymerisation times is @sother possibility to cause the
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double melting to reappear and shift in positiorank this study, it could suggest that the
best condition to produce c-PBT viasitu ring expansion polymerisation is at 19D for

5 to 10 minutes.
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Figure 3.17: The effect of time on simultaneous situ polymerisation of CBT and

crystallisation of c-PBT at 190°C

75



T ] —— 1min

——3min

o ——5min
©
c
w
=

g
=
o
o
(]
=
[¢)]
=
8
(]
x
T T T T
210 215 220 225 230 235
Temperature/ °C
o
©
c
]
=
S
=
o
I
(&)
e
(&)
=
©
(O]
o
T T

T T
210 215 220 225 230 235

Temperature/ °C

Figure 3.18: The melting of c-PBT after simultaneosin situ polymerisation of CBT
and crystallisation of c-PBT at 190°C at various times

76



3.2.5FTIR examination

3.2.5.1 Determination of functional groups

Figure 3.19 displays the FTIR spectra of CBT frontotal of 100 scans at a
resolution of 2 cnt by the Attenuated Total Reflectance (ATR) techridi02]. The
entire CBT structure was determined from the FTpecsra from the following peak

assignments [116, 117]:

CBT wavenumbers (cih) Assignment

3000 to 2800 (Ch)4 stretching
1750 to 1600 C=0 stretching
1300 to 1100 C-O stretching
800 to 700 Benzene bending

The spectra of the CBT and c-PBT were expectecktsiiilar. It is clear that all
peaks for both the CBT and c-PBT spectra rematheénsame position except for the C-O
stretching and C=0 stretching band. The effectarfversion CBT into c-PBT on these

peaks will be discussed in following section.
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Figure 3.19: FTIR Spectra of CBT

3.2.5.2 The effects ofin situ polymerisation of CBT on functional groups

It is believed that the polymerisation process BffQvill affect the ester group (i.e.
C-0O stretching and C=0 stretching band). An ingadion was done to study the effect of
CBT polymerisation on the FTIR spectra. Data fa& $ipectra have been normalised with
the peak correlating to deformation of the benzé&mg This is because benzene was not

involved in the polymerisation reaction and thelp@as assumed to remain constant.
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Figure 3.20 and Figure 3.21 show the changes in §ir€ching band during
heating and subsequent polymerisation of CBT. Peetsa show two distinct peaks which
correspond to amorphous and crystalline arrangesn&ihen the sample starts to melt,
intensity of the peak drops as shown in the CBTtingelregion (140 to 160C). In this
region, it can be seen that the amorphous and rystalline arrangements have equal
intensity. Subsequent temperature increases welh thevelop the crystalline region as
polymerisation occurs and forms the semi-crystalfolymer. In the Figure 3.20, it could
be observed that the peak around 12605 cni* wavenumber is greater for CBT whereas
the peak around 1243 3.5 cm' is greater for c-PBT. This suggests that some
conformational change occurs during the polymeaosatreaction around the C-O
stretching band. Rotation about the C-O stretclbagd is known to be possible in PET
[117]. Conformational changes around the C-O dtistcband are to be expected from the
CBT ring expansion polymerisation. Jang and Sim8[1lifound shifts to lower
wavenumbers to correlate with the progression ohae ordered structure. The shift
observed between CBT and c-PBT indicates thatrystatline structure of c-PBT is more

ordered than that of the CBT.

This situation can also be seen in Figure 3.21¢ckwkhows the changes in the C-O
stretching band which appeared at lower wavenurfide6+ 1.5 to 1095 3 cmil). In the
active simultaneous polymerisation and crystallisategion (170°C to 200°C), it was
observed that the crystalline peak becomes domisgwte c-PBT formed. However,
when the samples continue to be heated to higepasatures (210C to 240°C) the

peak intensity of the spectra recorded is redusatkegradation of the catalyst expected.
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Figure 3.20: Changes in C-Gitr. band (1260 to 1243 cif) upon heating of CBT
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Figure 3.21: Changes in C-Gitr. band (1116 to 1095 cif) upon heating of CBT
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Figure 3.22: Changes in C=Gtr. band (1712 to 1709 cif) upon heating of CBT

Figure 3.22 shows the changes in C=0 stretching logon heating of the CBT.
Analysis of C=0 stretching band is quite differemtpnly has a single peak centred at
1712+ 1 cm? before the CBT melts. Once the CBT starts to rineltpeak intensity falls
and above 160C the peak centre was observed to shift to #A9cmi®. This suggests
that before the CBT melts, it is amorphous and d@ft@elts polymerisation occurs and the
structure changes to crystalline form as the potydevelops. Hopfet. al [119] found
that C=0 strecthing band shifts also coincided withnges in the conformation (trans and

gauche) of the tetramethylene ((§hH sequences.
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The phase transition from the solid to melt stédde aan be seen during analysis of
this C=0 strecthing band. Upon the first heating, ®bserve that after the polymer (c-
PBT) melts above 23TC the peak intensity decreases dramatically anddhgple reverts
to the amorphous arrangement. Logically, when tiignper melts, there is movement and

the crystallites disappeared which leads to therphous arrangement.
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Figure 3.23: Changes in C=0 group upon cooling ofFEBT

The phase transitions are illustrated in Figure8 3aAd Figure 3.24, respectively.
During cooling, we observe that the sample slowlgnges to solid again below 210
and re-heating the sample confirms that the polyimened will melt above 230C. All
these finding are in agreement with the DSC resuitgeneral, the C-O stretching and

C=0 stretching band are involved in the polymelasateaction of the CBT since their

peaks changed after situ polymerisation.
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Figure 3.24: Changes in C=0 group upon re-heatingfa-PBT

3.2.6The molecular weight of c-PBT

3.2.6.1 The development ofM , upon heating of CBT

As mentioned earlier, the production of c-PBT begaith a low molecular weight
CBT and the molecular weight of these cyclic malsrcan be tailor made for a specific
application and manufacturing process [52]. Gehyaation chromatography (GPC) was
used to study the development of molecular weighinuheating the CBT at various
temperatures. This study will contribute more ustierding to the c-PBT molecular
weight development as well as the conversion of GBT-PBT. The molecular weight

distribution of c-PBT at various temperatures isvgh in Figure 3.25.
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Figure 3.25: The molecular weight distribution of ePBT at various temperatures

The GPC results indicate that the CBT actually amst three components,
presumably different oligomers. This finding is agreement with DSC results where a
broad melting transition was found for CBT. Thearhatograms for CBT powder samples
and 150°C only shows the low molecular weight componentaltielieved to be due to
cyclic oligomers. For samples which heat up to 1ZGand, to a lesser extent, 190 the
chromatograms show earlier retention time peakstdymlymer as well as peaks due to
the oligomers. However the chromatograms of thepgesrheat up to 210C, 230°C and
240 °C (these temperatures are above simultaneous posatnen and crystallisation

region) just show polymer.
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Table 3.1:

Summaries of c-PBT molecular weight atarious temperatures

Sample conditions \Y] My Mw/Mp,
CBT powder n.a. n.a. n.a.
Heat up to 156C n.a. n.a. n.a.
Heat up to 176C 42,400 18,400 2.3
Heat up to 196C 82,500| 29,600 2.8
Heat up to 216C 117,000 41,900 2.8

Heat up to 230C 101,000 39,400 2.6

Heat up to 246C 93,100| 39,500 24

Note: 1) n.a. — not available.
2) This results is provided by SmithRepra Technology Ltd. (Shropshire,
SY4 4ANR, UK).

Average molecular weights and polydispersity,(M,) have been computed for
the polymer component alone in samples which heabd 70°C to 240°C. These results
are summarised as the calculated molecular weigtriages and polydispersity (¥M)
as shown in Table 3.1. The results show that thbest polydispersity was 2.8 when the
CBT was heated to 190 to 21G. However, the polydispersity reduces after th& Qs

heated above the melting point of the polymer.
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Figure 3.26: The molecular weight development of BBT at various temperatures

Figure 3.26 illustrates the molecular weight depeient of c-PBT during dynamic
heating from CBT powder to 24C. Nothing happens to the CBT when heated up to 150
°C but a proportion of polymer is clearly producetlenw heated to 17€C. At higher
temperatures, the CBT is mainly polymerised andigber molecular weight. The highest
molecular weight was found in the sample which tvaated to 210C. Although the 190
°C is claimed as the best temperature to polymeheeCBT where it should give the
highest molecular weight, but the samples was peebia the dynamic mode (the sample
was cooled down after reaching the target tempezpatihat means the polymerisation is
not complete when the sample just reaches’@®-urther discussion on molecular weight

development at 19%C will be developed in the following section.
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The reduction in the molecular weight of polymeoguced when samples are
heated to higher temperatures (>20) is believed due to thermal stability of the tgh
(stannoxane). The degradation of catalyst couldaedhe molecular weight of polymer.
On the other hand, hydrolysis of c-PBT in the pneseof water could also decreased its
molecular weight [14]. Moreover, the rather highdeof catalyst still present in the c-PBT
samples might have a negative effect on the maeonkight by a transesterification

reaction [53].

3.2.6.2 The effect of polymerisation time at optimum temprature on molecular

weight

Figure 3.27 shows the molecular weight distributafnc-PBT at the optimum
production temperature (19C) for various polymerisation times. The chromasogs for
the various samples showed early elution componehts to polymer and late elution
components presumed to be due to the cyclic oligpnmEhese GPC results are also in
agreement with the DSC which discussed in sectidrt3Again the results show that the
polymerisation process will not be complete bettwe crystallisation process is complete.
This can be found in the samples which allowed pelysation at 190C for less than 5
minutes. The GPC results show these samples atiét bligomers present. The proportion

of residual cyclic oligomers however was found éareéase with time.

87



Table 3.2 summarises the calculated molecular weigbrages and polydispersity
(Mw/M,) for the studies at 19TC in various polymerisation times. A maximum molecu
weight appears to be reached at 5 to 10 minutedirfgpltime (Figure 3.28). The
polymerisation of CBT for 30 and 60 minutes seem$é¢ some decrease in molecular
weight. This will particularly decrease the cal¢athnumber average molecular weights
and increase the polydispersity. This finding coallsb explain the shift of melting peak
and decrease of crystallinity for the samples pelysed for more than 30 minutes at 190
°C. Examination on molecular weight development@Q IC also suggests that the best

production time is in the 5 to 10 minutes range.
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Figure 3.27: Molecular weight distribution of c-PBT at 190°C for various

polymerisation times
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Table 3.2: Summary of c-PBT molecular weight disttbution at 190°C for various

polymerisation times

Sample conditions Vi Mn Mw/Mp
Hold O minutes 82,500 29,60(0 2.8
Hold 3 minutes 94,000 31,100 3.0
Hold 5 minutes 99,100 32,700 3.0
Hold 10 minutes 99,700 33,30(C 3.0
Hold 30 minutes 90,600 27,80( 3.3
Hold 60 minutes 85,200 26,00( 3.3
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Figure 3.28:Molecular weight development of c-PBT at 190C for various

polymerisation times
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3.2.7Thermal stability of c-PBT and stannoxane

Thermo gravimetric analysis (TGA), gel permeatidmoenatography (GPC) and
Fourier transform infrared spectroscopy (FTIR) seeeral common methods which can be
used to determine the degradation of polymers [120fhis study, TGA has been used as
a technique to determine the thermal stability-6fBT and its catalyst (stannoxane). The
TGA technique determined the weight loss of theyp@r as a function time or
temperature. Weight loss due to thermal degradasi@m irreversible process. According
to Wong and Lam [121], this thermal degradatiofargely related to oxidation in which
oxygen molecules attack the polymer bonds. Thenthkerstability of PBT has been
extensively studied previously [62, 122, 123] ahdhas been reported to have thermal

stability up to about 30€C.

Figure 3.29 represents the thermal stability ofBd-Roroduced from CBT and
commercial linear PBT. These TGA traces were rembrifom dynamic scans at 10
°C/min from 30°C up to 800°C. From the results, c-PBT started to degrade at°23
while linear PBT started to degrade at about 3G0 However, if only the onset is
considered then the thermal stability of c-PBT lnelar PBT is similar. That suggests that
structures or how the PBT is produced (whether faywlic oligomers or conventional
methods) does not have any significance for thabikty. The thermal stability of c-PBT
by an isothermal method where the sample was hel8G’C and 240 C for 60 minutes
was also examined as shown in Figure 3.30. Thédtseshow that c-PBT has good thermal
stability in this temperatures range. The weigbslaas found to be below 3 % and which

suggests that the temperatures range used in tiny $s safe for c-PBT prior to
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processing. In addition, the PBT chain is knowrdégrade when held above 2%0 for

extended times [14].
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Figure 3.29: Dynamic thermal stability of c-PBT andlinear PBT

It was reported that the degradation of catalysictcopen the cyclic structure and
yield linear polymers [14]. Therefore, it is essahtto investigate the degradation
temperature of stannoxane. A dynamic scan showqfmgure 3.31), stannoxane is seen
to start degradation above 19C and the onset was observed at about Z20The
decomposition stage of stannoxane was found torootthe temperature range of 240

to 275°C, and followed by burning step of carbon at ab@d@°C [124].
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Figure 3.30: Isothermal thermal stability of c-PBTat 190°C and 240°C hold for 60
minutes
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Figure 3.31: Dynamic thermal stability of stannoxae
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On the other hand, the isothermal thermal stabdftgtannoxane at 19 shows
that it will lose about 8 % weight after 60 minut€sgure 3.32 also suggests that the
situ ring expansion polymerisation at 19@ is still in a ‘safe’ region. The best
polymerisation time was found to be between 5 tonfiutes and the weight loss of
stannoxane in this time range just below 2 %. Haweat temperature of 24T this

catalyst (stannoxane) was observed to have a dexstiop phase just in 5 minutes once

the temperature is reached.
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Figure 3.32: Isothermally thermal stability of stamoxane at 19C°C and 240°C hold

for 60 minutes
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3.3 Conclusion

The production of polymer from CBT can only be a¢ed in the presence of a
suitable catalyst, i.e. tin catalyst. The use alicycatalyst such as stannoxane lead to ring
expansion polymerisation and to the production o&crocyclic polymers. The
polymerisation is active just after the CBT hadyfuhelted in the range of 160 to 20G.
The polymer produced in this type of polymerisatwas found to have a high degree of
crystallinity compared to that produced by convemil methods. Upon production of c-
PBT, crystallisation occurred simultaneously. It swéound that the simultaneous
polymerisation and crystallisation processes cooldbe separated because both processes
occurred rapidly in a short time. It starts witle tpolymerisation and when the molecular
weight reaches an appropriate level the crystéllisgrocess begins. This means that the
crystallisation process begins before the polyraéna process is complete. In the
assessment of melting behaviour of c-PBT and peofecof crystallites formed, we
believed that polymerisation and crystallisatioe aompleted in the same region. From
thermal behaviour studies, it could suggest thatoist condition to produce c-PBiRin

situ ring expansion polymerisation was at @for 5 to 10 minutes.

GPC examination showed that the production of c-P®3gan with a low
molecular weight material and developed duringpgblymerisation. The GPC results also
indicated that the CBT contain three componentssymably different oligomers. The
chromatograms for CBT powder sample and 160only show late retention time peaks
which are believed due to cyclic oligomers. For pla® heated to 170C and, to a lesser

extent, 190°C the chromatograms show earlier retention timekpee to polymer as
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well as peaks due to the oligomers and sampleetheat210, 230 and 24C only show
polymer. The highest polydispersity was 2.8 whesn @BT was heated from 190 to 210
°C. However, the polydispersity reduced after CBTengeated above the melting point of

the polymer.

Further investigations using FTIR spectroscopy istlidhe effect of simultaneous
in situ polymerisation and crystallisation process of C&1d c-PBT on the absorbtion
characterisation of the ester group (i.e. C-O atiagg and C=0 stretching band). In the
region of CBT melting, these bands exhibit an isignchange and a shift as the ring
expansion polymerisation occurred. The spectra wWeoad to be more dominant in
crystalline arrangement as the c-PBT formed. Th® ®and could also show a phase
transition during the temperature changes whichbsaseen upon cooling of c-PBT from

the melt and re-heating the sample.

The investigation on stannoxane stability also aéae that the polymerisation of
CBT to produce the macrocyclic polymer could onéydone below the melting point of
the polymer. The results from stannoxane degraaatiody could also explain the double
melting behaviour, the decreased of molecular weighon polymerisation at high

temperature and reduction in peak intensity offliR spectra.
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Chapter Four

THE EQUILIBRIUM MELTING AND
ISOTHERMAL CRYSTALLISATION OF c-PBT

4.1 Introduction

4.1.1Background of polymer crystallisation

Crystallisation involves the transformation of guiid phase into a crystalline
phase. Normally, the crystallisation process oblmer occurs in the temperature range

between the glass transition temperatdrg) @nd the melting point of the polymef ().

In this region the chain segments are sufficiemtigbile to rearrange and adopt the

required conformation for crystallisation. Beloly the polymer confirmations are too

rigid while aboveT,, they are too mobile to be placed in a crystaliiak.
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However, different polymers have a different apilib crystallise due to chain
tacticity, bulkiness and polarity of side groupsdaalso their microstructure. External
factors such as the rate of cooling, nucleatingiesgand the presence of orientation in the
melt also will affect the crystallisation proced2$p]. Commonly, if the polymer chain is
symmetrical and has polar interactions, then chysation will occur easily. However, if
the polymer chain is branched and has high molasmen the crystallisation process
will be inhibited. In fact, polymers are never tbtarystalline due to chain entanglements,
and their long chain nature as well as their higitasity [125]. In general, there are two
processes known to be involved during the crystilbn process, i.e., nucleation, where a
new phase is initiated within the parent phase,thagubsequent growth of the new phase

[125].

4.1.2Nucleation

The nucleation process refers to the situation wdgrolymer is cooled from its
melting point there is a tendency for the randommiganised molecules in the melt to
become aligned and form small ordered regions, méclei. The nucleation process is
dynamic and these nuclei will disappear and refowtunderlich [125] states that the
nucleation process can be divided into two typemmdgeneous and heterogeneous

nucleation.
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The homogeneous nucleation process has a highyemeagder to spontaneously
create the new surface of a crystal in the intevioa uniform substance. Based on the
mode of formation, homogeneous nucleation can beligued into primary, secondary
and tertiary nucleation. The primary nucleationgess describes the process of forming
the basic nucleus from which a crystal forms alyrper is cooled from the melting
point. The secondary nucleation process referedmticleation that occurs on the face of
a pre-existing crystal, while the third nucleatfmocess refers to the nucleation that occurs
along an existing crystal edge which involves twgstal faces. Figure 4.1 illustrates

schematically the three nucleation steps.

In primary nucleation, a few molecules pack patdtbeone another and form an
embryo of the crystalline state. Growth of the hasg nucleus occurs by additions of
molecule to the crystal face and also chain foldifige crystal surface created in this step
has an excess of surface energy proportional tsuHace area. However, the free energy
decreases during the incorporation of more molscwe the crystal and this is
proportional to the crystal volume. The surfacexbime ratio gives an indication of the

free energy change on nucleus formatity( ).
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Figure 4.1: Types of crystal nuclei
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Figure 4.2 illustrates the variation of free enengith nucleus size for the
formation of a stable polymer crystal nucleus. Whesn nucleus is small the ratio is high

and theAG, > 0 (positive) due to excess of surface energy buét. Nuclei smaller than
the critical size are called subcritical nucleiemnbryo. TheAG, increases and reaches a
maximum corresponding to the critical size of theelaus. After the critical size)G,

decreases with increasing nucleus size and finlaélyfree energy will be less than that of

the melt. Nuclei larger than a critical size ardechsupercritical as long a&G, is still

positive.
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Figure 4.2: The variation of free energy with nucles size for the formation of a stable

polymer crystal nucleus [125]
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The overall change in free energy on formation &leus (AG,) at constant

temperature for primary nucleus with lamellar timeks () and width @) is;

AG, =-a’lAG, +2a°0,+4alc (Equation 4.1)

Where AG, is the bulk free enthalpy change between solid lepdd phase,o and o,

are the surface free energy for lateral and foldihgin surfaces, respectively [125]. By

differentiation with respect to the dimensibmnd a;

NG,
al

=-a°AG, +4ao (Equation 4.2)

0AG,
oda

=-2alAG, +4ao, +4lo (Equation 4.3)

By setting Equation 4.2 and 4.3 equal to zero, \aa obtained the critical nucleus

dimensions)” anda’:

0AG, | _(9AG, | _|, (Equation 4.4)
ol da
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The dimensions of the critical nucleus are then;

. 4o
| =—=2 Equation 4.5
AG (Eq )

v

a =9 (Equation 4.6)

and the critical free energy of formation is;

2
AG, =327
AG

Vv

(Equation 4.7)

The bulk free energy change is;

AG, =AH, -TAS, (Equation 4.8)

where AH, and AS, are the enthalpy and entropy of crystallisation.ti#e equilibrium
melting point [T ), the AG, is equal to zero. Therefore,

AH .
AS, = T°v (Equation 4.9)

m

If it is assumed thaf\H,, and AS, are temperature independent, then:

AG, =AH, -T A_I_l_lv = ?1- AH, (Equation 4.10)
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Hence the free energy of formation of a nucleusritital size is given by;

2 o\?
NG, = % (Equation 4.11)

where, AT is the degree of supercoolindT =T, —-T,) andT, is the crystallisation
temperature. From Equation 4.11, it can be obsetivadthe free energy of formation of

the critical nucleus is proportional (T ).

After the formation of the primary nucleus, crysgabwth can occur by secondary
nucleation where a new layer grows on a pre-exjsunface. Secondary nucleation occurs
with lower free enthalpy barrier since the surfacea newly created is smaller. The rate of

crystal growth is nucleation-controlled at low stqusling.

Tertiary nucleation determines the rate of coveangucleated crystal surface with
fresh material. It has an even lower surface-tdclfitde energy ratio in comparison with

primary and secondary nucleation.

The nucleation process can also occur heterogelyeous foreign substrate such
as bubbles, dust particles and surfaces. Becaesérdd enthalpy barrier to nucleation
decreases by nucleation on an existing surface, &e@rogeneous nucleation always

occurs at lower supercooling than homogeneous [126]
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4.1.3Crystal growth

In the secondary nucleation process, crystals kegygnow on the surfaces once the
critical size nucleus is formed [73]. After thetial chain attachment (the chain spreads
gradually across the crystal face in secondaryeaticin), molecular strands are laid down
gradually on a smooth crystal surface. This prodss#ollowed by additional chain
adhering once more to the interface by a chainriglgrocess where the chains then fold
across the surface [99]. Figure 4.3 illustratesaaleh of the growth of a lamellar crystal

through successive laying down of adjacent moleaifands.

9=
Nl

Figure 4.3: Growth model of a lamellar polymer crysal through the successive laying

down of adjacent molecular strands

104



It is assumed that the polymer lamella has a lasrdace energy oy, a fold

surface energy otr,, and that the free energy change on crystallisaa\G, per unit

volume. By laying downn adjacent molecular strands of length,with each strand

having a cross-section area(afx b), the surface energy is:

AG =2nab,o, + 2b | o (Equation 4.12)

surface)

whereb, is the molecular thickness such that the crystalvg one layer after the other.

However, there is a reduction in free energy witlkleation incorporation of molecular

strands in crystal:

AG, (ysa) = ~NADIAG, (Equation 4.13)

The overall change in free energy wherstrands are laid down is;

AG, = -nab,|AG, + 2b | o + 2nab,o, (Equation 4.14)

From Equation 4.14, it can be observed that favargn value, AG, is dependent on the
length,| where the value oAG, reduces a$ increases. A critical length of strad will
be achieved and the secondary nucleus will beestabemM\G, = Q The term2b,lo can

be negligible as normally then value is large. From the combination of Equatiob04

and Equation 4.14, the critical length of strands;

. _ 20.T.

|" =
AH AT

(Equation 4.15)
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The substitution of Equation 4.15 into Equation34uill give the AG, for secondary

nucleation as;

AG: = He00eTn (Equation 4.16)
AH AT

It can be seen that the temperature dependenceofdary nucleation is proportional to

(AT)™ in comparison witH{AT)™ for primary nucleation.

4.1.4The temperature dependence of growth rate

Turnbull and Fisher [127] proposed that the grovete of crystals,g, and their

dependence on temperature can be represented bgubhgon below:

AE AG’ .
=g exp-— |exp - 0 Equation 4.17
g=4, F{ RT) x{ RTJ (Eq )

where, g is the steady-state growth rate of a cryst|,is a temperature-independent
constant (which depends on molecular parameters, caystal geometry) AE is the
activation energy for viscous flowAG, represents the free energy of formation of a

critical size secondary nucleus aRdis the gas constant (8.314 Jkol™).

106



Accordingly, at temperatures near Tg the first term is dominant and the rate is

determined by chain diffusion to the growth frofit.higher temperatures close 1q, the

second term is dominant and nucleation is the obimyg factor. The crystallisation

process becomes severely limited by reduced chaobilty when temperatures

approacfi .

The Turnbull-Fisher equation has been rearrangdddfjman and Lauritzen [125,

128-132] where the spherulitic radial growth ratexpressed as:

’ K
g=g,¢ex - - exg ——— (Equation 4.18)
R(T-T,) TATE

The first exponential term of the equation deswitiee effect of the temperature
dependence of melt viscosity, wheig,is the linear growth rateg, is a constanty” is
the activation energy for viscous flow (where Hofimhas assigned a value of 6300 J/mol
for this parameter)R is the gas constant, is the crystallisation temperature amg is
the temperature below which the motions of crysiatile segments to the crystallisation

face cease. Th@_ usually assumed to be 30K below the glass tramsitemperature

(T, =T, —30).
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The second exponential term of this equation (Equat.18) describes the effect

of primary nucleation on the crystallisation ratet dow degrees of
supercoolinéAT =T —T). The parameteff is a correction factor which accounts for the

change in the latent heat of fusion that occursh wé@mperature and can be written

as(

T TO). T, is the equilibrium melting temperature. The nutitea constant,
+

m

K, which appears in this term, is:

_ Xb,o0,T,

Equation 4.19
s =T AH Kk (Eq )

This parameter contains the surface free energgustpoo, (o is the lateral
surface energy and, is the fold surface free energy of the criticalesnucleus).AH is
the heat of fusion per unit volume 100% of perfagfstal, b, is the separation between

two adjacent fold planes aridis the Boltzmann constant.

In order to describe crystallisation growth, Hoffmand Lauritzen [128, 133, 134]
made several assumptions. The theory assumeséhfdld chain length is uniform within
the lamellae; there is no imperfect growth at thystal face and no crystal thickening, and
finally that the growth rate is the same on allstay growth faces. Based on these
assumptions, Lauritzen and Hoffmetral. [128, 133, 134proposed three regimes (regime
I, regime Il and regime lll) to define the growtli lamella and the radial growth of

spherullites with its dependence on the degreeupéreooling. The nucleation constant,
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K, is depends on the nucleation regimes wherd for crystallisation in regimes | and

[ll, x=2 for regime Il crystallisation.

Regime | occurs at low supercooling and high groteimperatures, where the
surface nucleation rate is low. In this regimen, extended chain is laid down on the
growth face of a crystallite. This then followed by alignment of the segments on to
adjacent positions until the surface is completayered. The crystallite’s face grows

through the disordered phase because this processsaepeatedly.

Regime Il occurs at lower growth temperature. Irs tregime, several chain
segments are laid down independently on a growdé fallowed by subsequent addition
of chains adjacent to the initial segment. Thiscpss (chain addition) will continue until

all the growth face is covered.

While, regime Il occurs when the degree of supeliog is larger than that in
regime I, i.e. where the rate of nucleation isyhigh and the separation between the

nuclei reaches a minimum. Overall, the nucleatimmstant for all three regimes is:

4b,00,T?
— bOUUe m - K

Koy = AH K o)

2Ky (Equation 4.20)

Figure 4.4 shows the schematic representation gofnee transitions as predicted by the

Lauritzen-Hoffman theory [128, 133, 134].
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Regime ITI

Regime II

Regime I

In g+ AE/R(T, -T)

1/ fT.AT

Figure 4.4: Regime transitions based on Lauritzen-Bffman theory

4.1.5Crystallisation kinetics by Avrami analysis

The Avrami equation [96-98] is the most widely ugeddescribe the kinetics of
crystallisation processes as this approach has deeressfully used by many previous
researchers [109, 128-131, 134-137] in describingrail kinetics of crystallisation in

polymer systems. The deviation of the Avrami equativas simplified by Evans [135]

giving;

1- X, =exp(Zt") (Equation 4.21)
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where, X, is the fractional crystallinity, which has devetopat time,t. Z is a composite

rate constant which incorporates nucleation andwvtrocharacteristics. The Avrami
exponent,n value depends on the crystallisation mechanisngaodetry of growth. The

corresponding expressions forand Z value are listed in Table 4.1 [136].

However, the Avrami equation has many limitatiofi$ie variations in the
crystalline density within the spherulite bounda@inyoughout the crystallisation process
give fractionaln values and this value assumed to be constanteirtliami equation.

Other assumptions which need to be complied witthéAvrami equation are [124, 140,

141]:
) random nucleation in a supercooled melt,
i) the rates of nucleation and growth vary linearljhviime,
i) crystallisation processes occur only by singlenary process,

iv) no induction time before starting of crystallisatio
V) when one crystallite impinges upon another grovetses,
Vi) the crystal is still in its original shape in eitlone, two or three dimension

(rods, disc or spheres, respectively) until impmget takes place.
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Table 4.1: The physical interpretation of the Avram parameters for different types

of crystallisation mechanism [136]

Crystallisation mechanism n Z Geometry
Sporadic 40| 2/3ng®l 3 dimensions
spheres

Predetermined 3.0 4/3mg°L 3 dimensions
Sporadic 3.0/ 1/3rmg?d 2 dimensions

Discs
Predetermined 2.0 mg’Ld 2 dimensions
Sporadic 2.0 1/4mglr? 1 dimension

Rods
Predetermined 1.0 1/2mgLr? 1 dimensions

( g, | are the crystal growth and nucleation rate resgsygt while L is density of nuclei;

d is constant thickness of discs ands constant radius of rods)

4.1.6The equilibrium melting temperatures, T

The equilibrium melting temperatufe;, is defined as the melting temperature of
lamellar crystals with an infinite thickness [13However, it is not possible to directly

measureT,, from an experiment. This is because a chain-foldetkllar crystal usually

grows with a finite thickness during the crystatien processT, is usually determined
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from an extrapolation of experimentally observedtimg temperatures. It is important to
determine T, and establish the degree of super coolidg =T, -T.) in order to

understand the temperature dependence of the lisattan rates.

The Hoffman and Weeks [99] method is the one of iest commonly used

procedures to determine equilibrium melting poifif,. They derived a relationship

between melting pointT,,, and crystallisation temperatur€,, which enablesT.’ to be

determined, namely;

T, =T, (l—i) e (Equation 4.22)
28" 2

where g = (ol /dt, )and gis the fold surface free energly|s the lamellae thickness and

the subscripte refers to equilibrium conditions. In the absenderescrystallisation or

annealing during meltingg is equal to 1.0 and a plot df, againstT, which is linear

will give a slope of 1/23. This line intersects the equilibrium condition@f =T, at T,

but its slope must be 0.5.
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4.2 Results and discussion

4.2.1Equilibrium melting temperature of c-PBT studies

The melting points of the crystals formed by isoth& crystallisation of c-PBT at
various temperatures are shown in Figure 4.5. Natg the melting point was taken as the
last trace of crystallinity where Hoffman and We¢88] defines the melting point at the
temperature of crystals disappearance upon examnaly optical miscroscope. These
observed melting temperatures, however, are wébhbehis equilibrium value due to the

effect of the crystal thickness in depressing thedting point of the lamellae produced at

each crystallisation temperaturg, [99].
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Figure 4.5: Melting peak of c-PBT after held at varous crystallisation temperatures
197°C to 201°C
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Based on the Hoffman and Weeks [99] theory, whaee @quilibrium melting
points (T,)) can be determined directly from a plot Bf againstT,, T, of c-PBT was
investigated. The Hoffman and Weeks plot for theBF was shown in Figure 4.6. The
linear fit of T, againstT, gave slope 0.5@ 0.05 consistent with equilibrium conditions,
and on extrapolation t&,, =T, we observed that the equilibrium melting poink§ ) of c-
PBT was 529.& 5.0 K. Wu and Jiang [138] in a recent publicat{@2f10), reported that
the equilibrium melting pointsT(;) of c-PBT producedia ring opening polymerisation
was found to be 257.8C (530.8 K). It seems that tHE, observed in this study is in

agreement with the previous study.
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Figure 4.6: A Hoffman-Weeks plot of observed meltig temperature against

crystallisation temperature for c-PBT
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4.2.2 Avrami analysis of c-PBT isothermal crystallisation

Five crystallisation temperaturesl.) were selected for crystallisation kinetic

studies of c-PBT under isothermal experiment coomst ranging from 197C to 201°C.

Typical crystallisation curves for c-PBT at diffatesothermal crystallisation temperatures
are measured by rapid cooling to the crystallisatenperature and after correcting for the
cooling curve are shown in Figure 4.7. The enchefdrystallisation process was taken to

be the point where the isothermal curve convergéud the horizontal base line [131, 134].
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Figure 4.7: DSC exotherms of the isothermal crystisation of c-PBT at various

crystallisation temperatures 197°C to 201°C
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The early stage of overall crystallisation is noflgnanodelled with the Avrami
equation [95-97]. However a number of assumptiorsn@ade in the model including the
assumption that secondary processes do not ocharefbre a modified Avrami equation
[139, 140] was used to analyze the primary crystlbn process. This modification

limited the analysis to the primary process.

The fractional crystallinity,X,, of the isothermal crystallisation which developed

at timet was defined as the ratio of the two areas betweereat flow-time curve and

baseline, from t=0 to t=t and from t=0 to t=infinit.e [96, 139];

dH
[

dH
(M e

The overall development of relative crystallinityithv time at selected

(Equation 4.23)

Oty 8 O ey

crystallisation temperature of c-PBT is illustraiedrigure 4.8. From that figure, we can
see that all the isotherms show sigmoidal curvesi@ndependence on the crystallisation
temperature selected and time. Jenkeisal. [130] found the same trend of the
development of relative crystallinity with time fgroly(tetramethylene ether glycol)
(PTMEG). They believed that the isotherms represeatstages, a primary and secondary
process. The primary process consists of the ragliaWth of the crystallites until
impingement and the secondary process involvesgtbeith of subsidiary lamellae or

lamella thickening within the crystallites [130].
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Figure 4.8: Development of crystallinity with timefor c-PBT

Rearrange Avrami equation gives;

Iog{— In(l—%ﬂ =logZ +nlogt

An average of the rate constaitwas calculated from the half-lif¢,,,, and the Avrami

(Equation 4.24)

2000

exponentn obtained from the slope of the plot tifg(- In(1- X,)) againlogt (Figure

4.9), since;

In2

(t,,2)"
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Figure 4.9: An Avrami plot for the isothermal crystallisation of c-PBT

Table 4.2 shows the crystallisation kinetic parargebf c-PBT as modelled by the
Avrami equation. In the Avrami equation, if the value is equal to 4 that means the
nucleation mechanism is homogenous while when rthgalue equal to 3 that shows
nucleation mechanism is heterogeneous [141, 1%B¢ n values of c-PBT was observed
in the region of 2.4 to 2.5:(0.1) indicating that heterogeneous nucleationpbiesulites
occurred and growth of spherulites was betweendineensional and three-dimensional
[130, 141, 143]. These results are in agreemertt Wghman and Karger-Kocsis [110]
work, where they found that for c-PBT the Avramiperent, n is between 2 and 3.
Figure 4.10 illustrates the example of typical &iadn of instantaneous value with

relative crystallinity for c-PBT at 20%C.
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Table 4.2: The Avrami parameters for c-PBT

Sample ID | Crystallisation

Temperature, n+0.1 Half-life Z, min™

(°C) (t,,), min (x10%)
+01 +0.002

197 2.4 2.7 577

.PBT 198 2.4 3.7 269
199 2.4 4.7 155

200 2.4 6.0 82

201 2.5 8.4 25

Avrami Exponent, n

2.0 1

15 I I I I
0.0 0.2 0.4 0.6 0.8 1.0

Relative Crystallinity, X

Figure 4.10: Variation of n value for c-PBT primary crystallisation at 201°C
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Since then value remains essentially constant during the g@myncrystallisation,
the instantaneous change in this value can be tosprkdict the change in crystallisation
mechanism, i.e., primary to secondary [130]. general, it could be assumed that
secondary crystallisation occurs consecutively wotimary crystallisation [130], and
instantaneous values can be used to distinguish secondary diigateon from primary
crystallisation sincen changes suddenly when the primary process is @etpland the

secondary process starts.

Taken together, Figure 4.11 and Figure 4.12 depetvariation of half-life(t,,, )
and rate constantZ) as a function of degree of supercooling, respelgtivihe degree of
supercooling was used as a function of bigth and Z plots in order to compare the data

at the same thermodynamic driving force [125, 144].

Both plots are consistent with the general trendrgétallisable polymers where

t,,, increases an@ decreases with increasing crystallisation tempegaflower degree of

supercooling) as reported in many literature repd29-132, 145, 146].
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Figure 4.11: Variation of t,,, as a function of degree of supercooling for c-PBT
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Figure 4.12: Variation of Z as a function of degree of supercooling for c-PBT
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4.2.3Nucleation constant and surface free energy

With the modification of the Hoffman-Lauritzen [125128-132] equation
(Equation 4.18) where the growth rate has beenacepl by the reciprocal of the

crystallisation half life, the nucleation constéHt, ) can be determined from the slope of a

linear plot of (In(}t/ )+(U/R(T—Tg +30)) against (}'/I'f (AT)) [130]. Figure 4.13
1/2

illustrates the Hoffman-Lauritzen plot for c-PBTdait is observed that th& ; value for

c-PBT is -5.13+ 0.02 x 16 K2,

If the K,values are known, the surface free energy prodeet,) can be

calculated from the Equation 4.19;

_nb,oo,.T,
¢ AH.k

where then value depends on the regime of crystallisati@n, n = 2 for regime Il and

n =4 for regime lll. As the crystallisation processcePBT occurred in regime llin= 4
was applied in Equation 4.19. In order to calcutateoo,, we used 0.580 nm as the

value [75]. Based on previous X-ray analysis, isweported that the c-PBT have the same
unit cell as linear PBT [14]. With these values, faend that the surface free energy

product (go,) of c-PBT is 6.44 0.05 x 10" Fm™.
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Figure 4.13: A Hoffman-Lauritzen plot for c-PBT

Moreover, Hoffmaret al. [147] proposed that the value of free energyheflateral
surface @) can be estimated using the empirical equatioedas Thomas and Staveley

relationship [148] as follow

o= a(AH ° Maobo ) (Equation 4.26)
where, a, is the molecular width ( 0.496 nm [73)), is the separation between two

adjacent fold planes (0.580 nm [75\H °= 85.75 Jg x 1.31 g/cm, anda an empirical
constant which depends on the chemical structutbeopolymers [149]. In general the

parameter varies between 0.1 and 0.3 [150]. Itnepsrted that for high melting polyester
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such as PBTg is usually taken to have the value of 0.25 [1343,1150-152]. Taking
a =0.25, Equation 4.28 yielded = 1.51+ 0.01 x10° Jm?. Thus, the free energy of the

chain fold surfaced,) can be determined by [150];

£ (Equation 4.27)

and o, was obtained equal to 4.26).01 x10” Jni.

4.3 Conclusions

The equilibrium melting pointT.) and isothermal crystallisation kinetics of PBT

which produced from polymerisation of CBT (c-PBTasvnvestigated. Th&® of c-PBT

was determined using the Hoffman and Weeks metmoditawas determined to be at

529.0+ 1.0 K.

The Avrami crystallisation model has been founddé¢oreliable model for c-PBT

crystallisation studies. Crystallisation paramegersh as half-lifet(,, ), rate constant4),

and Avrami exponentr() have been found to be sensitive to thevalues within the
range of 197 201°C. The half-life t,,) was observed to decrease with an increase in
the T, (lower degree of supercooling) while values otrabnstantZ decreased in this

situation. The mechanistio values were found to be in the range from 2.4.50(2 0.1)
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for the primary crystallisation process for c-PBillicating that heterogeneous nucleation
of spherulites occurred and growth of spherulites Wwetween two-dimensional and three-

dimensional. The Hoffman-Lauritzen theory was usedetermine the nucleation constant

(K,) and surface free energy produeta(). The K, and oo, value for c-PBT was

estimated to be -5.18 0.02 x 16 K? and 6.44 0.05 x 10" *m™, respectively.

This preliminary investigation on isothermal cryisation of c-PBT will provide
useful information for the next step in our studi€be effect blends on the isothermal

crystallisation kinetics of c-PBT will be discussedhe following chapter.
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Chapter Five

BLENDS OF c-PBT

5.1 Introduction

Different properties in blends can be obtained uglo changes in morphology
which is controlled thermodynamically and kinetigabnd is composition dependent
[153]. This chapter will discuss blends of c-PBTthwianother polymer, i.e. styrene
maleimide (SMI). The blends were prepared by a ispemute wherebyin situ
polymerisation of CBT takes place inside the blegdtem. The combination oh situ
polymerisation with blending is interesting in thiét could create novel polymeric

materials with properties not attainable throughvemtional blend processing [91].
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5.1.1Polymer Blends

5.1.1.1The methods of blending

Preparation of polymer blends can be accomplishgdsdyeral methods, i.e.,
mechanical mixing (melt blending), dissolution in-&olvent (solution blending), fine
powder mixing (used in this study), use of monosjeds solvent for another blend
component then polymerisation (e.g. production BN lor HIPS) and diverse other
methods of IPN technology [154]. Mechanical miximgmelt blending predominates for
economic reasons. The high viscosity of high mdbreweight polymers in the melt is
always a barrier to mixing and miscibility. Thisnche overcome when strong molecular
interactions exist between blend components or whenhomopolymers are similar in

their chemical structures [155].

Since cyclic oligomers have low molecular weight anelt viscosity (17 centi-
poise/ water like) their mixing in blends is momvéurable [50].In situ polymerised
blends of CBT have been shown to be miscible witB Rvhere conventionally produced
linear PBT blends were not [50]. Unique resultggareling structure, morphology and
properties, could possibly be brought about by damg in situ polymerisation of cyclic
oligomers with blending. The rationale for adoptiof the fine powder mixing (solid
dispersion) technique is two-fold. Firstly, therdecomponents exhibit very low viscosity
so will disperse easily in the melt. Furthermoregltmextrusion would allow
polymerisation to occur during the mixing procedsol may induce or allow premature
phase separation. Conversely, solid dispersiom pripolymerisation allows the phases to

be well dispersed prior to polymerisation.
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5.1.1.2Miscibility in polymer blends

Polymer blends can be miscible, immiscible or pdtimiscible depending on
physical and chemical interactions between thenshaf the constituent homopolymers
[94]. Generally, miscibility of polymer blends isefthed in terms of equilibrium
thermodynamics, with a range of independent vaemllemperature, pressure, molecular
weight, chain structure, etc.) under which the fremergy of mixing is negative

(AG,, =AH_, <0)[94, 154]. The free energy of mixing expressian be written as [94]:

AG,,, =AH_ —TAS,, (Equation 5.1)

where AG_. , AH andAS,,, are the Gibb’s free energy, the enthalpy and titepy

mix ? mix ?

of mixing at temperaturd , respectively. The value AAG_,, normally depends on the

value of AH , since TAS,, is always positive as there is an increase inetiteopy of

X

mixing. If AG,,, gives a negative value, that indicates mixing afmer pairs will occur

simultaneously and lead to miscible blends.

Miscibility also can arise as a result of stronge@fc interactions between
homopolymer chains such as hydrogen bonding, orway of weaker dispersive
interactions [93, 94, 156]. Miscibility or compatibation achievediia incorporation of
hydrogen bonding or ionic groups has long been knbwindustry [154]. Miscible blends
have a homogenous microstructure whereas immisdldads have a heterogeneous

structure with phases of one polymer dispersednratix of another [155]. Both miscible
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and immiscible systems can yield synergistic prigeras a result of the interactions

between the polymer chains and phases in the b[éb8s 157].

Furthermore, a relatively rapid way to determirted level of miscibility of
polymer blends is by examination of glass transittemperature ;) which can be
detected using DSC [158]. Miscible polymer blendsally exhibit a singl€el, between
those of parent polymers. On the other hand, iniguilmle blends, each component retains
its own individual value; as a result twig will appear. In the case of partially-miscible
blends, theT, of the components will shift towards each othererghthe magnitude

depends on the mutual solubility of the phasesaohether [154]. Fox [74, 103, 159, 160]
suggested that thg, of miscible blends can be estimated by the equatsofollows;

1_w A

Equation 5.2
T T L (Eq )

where w, and w, represent weight fraction of each polymer and Wwhikeir glass
transition areT, andT,, respectively. However, the Fox's equation seerasstmplistic
in order to predict thél; of binary miscible blends system. In the Fox's &tpn a few
assumptions need to be made; mixing occurred idoranbetween the blend components,

the change in heat capacity of the blend componeetiween its liquid-like and glassy

state are equal i.eAC , = AC ,, and mixing occurred with no volume expansion leemw

p2’

two components [161].
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On the other hand, the Gordon-Taylor [162-164] apph could be used to
compare with the experiment data where its corttanmodynamic consideration where

T, of the binary blends could be predicted from;

3 Wng1 + KWZTg )

Equation 5.3
TR, (Eq )

where, w is the weight fraction of the componem, is an adjustable, fitting parameter

which equal toAC ,/ AC,, AC, is the change in heat capacity of the blend coraptn

pL
between its liquid-like and glassy state. The suptsc 1 and 2 denote the blend

components, respectively.

5.1.2Previous and current work on cyclic oligomers withrespect to
blending

Although the aim of commercial production of cychtigomers is largely for
liquid moulding applications, they are also curlkgnéceiving some attention in three main
areas: polymer blends [50, 58, 66, 91], compog$88s 53-55, 58], and nano-composites
[51, 61-63, 165]. Nachlist al. [66] found that then situ polymerisation of bisphenol-A-
carbonate cyclic oligomers (BPACY)/styrene-acrytol@ copolymer (SAN) blends could
produce nano-composite structures through liqujditl phase separation. There have
been few studies looking at combiniimgsitu polymerisation of CBT with blending [50,

69, 70]. In all of these studies CBT formed misejbtompatible blends with other
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polymers (e.g. PVB). Random and graft copolymengehaeen suggested to be formed
when CBT isin situ polymerised to form blends with polycaprolactoned aPVB,
respectively. Baetst al. [58] found the addition of a small amount of paprolactone
toughened the resulting blend compared with c-RBther work [44] has focused on the
crystallisation behaviour of CBT in an attempt tnjecture onn situ copolymerisation

behaviour.

The interaction of c-PBT with polymers in blenddikely to be complex and differ
from that of linear PBT due to the rapid and conenir polymerisation and crystallisation
[13]. It seems likely that the reactive nature loé {polymerisation reaction when situ
may facilitate and/or accentuate interactions betwdlend components. Different
behaviour of linear and macro-cyclic PBT has bebseoved in miscible blends with
amorphous polymers. In both the miscibility hindkrerystallisation in the blends,
consistent with other work on other semi-crystalamorphous polymer blends [166] and
other blends with CBT [50, 58]. In blends of lindaBT with amorphous polyetherimide
(PEI), annealing at 200C for 10 minutes led to phase separation and dligstzon of
linear PBT at all compositions [153]. The crystaty observed with DSC correlated with
a decrease in the obtained infrared wavenumbeh&carbonyl groups arising as a result
of molecular interactions in the crystalline phasepathy et al., (2003) [50] found that
annealing CBT/PVB blends at 250 °C for 5 minutesk ribt promote phase separation and
crystallisation at any compositions. It was sugeggshat the blending process suppressed
the crystallinity of PBT due to the formation ofjeaft copolymer during the reactive ring
expansion polymerisation of the CBT. It has begored that the formation of a graft

copolymer suppresses and alters behaviour of PB3tadlinity in blends [167] and that
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the degree of grafting affects morphologies [1688]blends of linear PBT the dispersed
phase in immiscible blends can act as a nucleaitenfor crystallisation [169]. It seems
feasible that the reactive nature of the blendinGB®T would affect the interface between

the phases in immiscible blends.

In this present study, the aim is to investigate thlends behaviour during
simultaneous polymerisation and melt blending. €bieve this aim, the other polymers

must have melting pointT() or glass transition T,) below or in the range of

polymerisation temperature of the CBT (160 to 2@). Blends of CBT with SMI
copolymers were prepared by a fine powder mixirgidsdispersion) technique [154].
Then, than situ polymerisation of the CBT in the blend at 1¥D will produce a blend of
c-PBT. Another aim is to study the effect of amapé blend component (i.e. SMI) on
crystallisation of c-PBT. Semi-crystalline/amorpbBdalend systems have achieved much
attention in the literature since variations in gdaeparation and crystallisation behaviour

could generate a wide range of morphologies anpepties [166, 170, 171].
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5.2 Results and discussion

5.2.1Thermal behaviour of the CBT/SMI and c-PBT/SMI blends

(a) 100/0 CBT/SMI
(b) 90/10 CBT/SMI
(c) 80/20 CBT/SMI
(d) 70/30 CBT/SMI
(e) 60/40 CBT/SMI
(f) 50/50 CBT/SMI
(g) 0/100 CBT/SMI

(e)
®

Relative heat flow /mW Endo —s

)

————

T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240

Temperature /°C

Figure 5.1: Thermal behaviour (heating curve) of vaous compositions of CBT/SMI

blends

Figure 5.1 illustrates the thermal response of CBWI| copolymer and its blends
in the first DSC dynamic run at P&/min. The thermal response of CBT has already been
discussed in Section 3.2.1, while the thermal resp@f SMI (Figure 5.1 (g)) shows that it
only has one thermal transition which is the gkasBquid transition. This transition was

observed at 75C. SMI can therefore be confirmed as an amorphangnyer. For
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CBT/SMI blends, several trends are apparent. Baggnwith the T, of SMI, it is clear

that the prominence of the transition increaseb mitreasing SMI content in the blend (as
would be expected). A related trend in the meltegion of CBT is also apparent, again,
this variation with blend composition is due to #fect of a gradually decreasing quantity
of CBT in the blend. Examination of the crystallisa region of the CBT component
shows that the process is clearly being affectethbyaddition of the SMI component. The
effect is most striking in trace (d) — the 70/30 T8MI blend. At this composition the
crystallisation process of ¢c-PBT is being hindebgdhe presence of the SMI component.
Although it should be noted that it cannot be codel that crystallisation is prevented
entirely, only that the crystallisation processmanoccur over the timescale of the DSC
experiment in question i.e. the sample is heated the crystallisation range at 10/min,
which is sufficient to prevent crystallisation. Thame is true for compositions above 30
wt% SMI. The decrease in the intensity of the meglfpeak can be explained in terms of a
reduction in the quantity of crystalline materialthe sample with increasing SMI content.
The degree of crystallinity of the blends was shownTable 5.1 . The degree of
crystallinity could only be calculated for compamiis up to 20 wt% of SMI because
above 30 wt% of SMI no polymer melting peak arenibuGiven that the variations in the

prominence of the SMT; and CBT melting peaks have been ascribed to fieetedf the

compositional variation in the blend, it was deermagortant to rule-out these effects in

the interpretation of the melting of the meltingtioé c-PBT component.
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Table 5.1: Degree of crystallinity of c-PBT/SMI bleds after dynamic heating (10
°C/min) of CBT/SMI blends

Blend Compositions (c-PBT/SMI) (wt % 100/0 90/0 /BD

Degree of crystallinity (%) 1) 57 41 28

| --- Correction for 70% CBT .
—— 70/30 CBT/SMI

Relative heat flow /mW Endo —s

160 170 180 190 200 210 220 230

Temperature /°C

Figure 5.2 : Comparison of first dynamic run betwea 70/30 CBT/SMI blends and

pure CBT
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Figure 5.2 shows a comparison of a 20 mg samp{&Bd/SMI blend, (identical to
the region shown in trace (d)) in Figure 5.1 witlracce obtained from a 14 mg sample of
CBT i.e. the actual mass of CBT in both samples thassame and if the crystallisation
trend shown in Figure 5.1 was due to a simple tiarian mass Figure 5.2 would show a
identical melting peak (and some evidence of chysation). As this was not the case, it
can be concluded that the crystallisation of c-PBds indeed hindered by the SMI

component.

(a) 100/0 c-PBT/SMI
- (b) 90/10 c-PBT/SMI
(c) 80/20 c-PBT/SMI
4 (d) 70/30 c-PBT/SMI
(e) 60/40 c-PBT/SMI
(f) 50/50 c-PBT/SMI
(9) 0/100 c-PBT/SMI

Endo —

Relative heatflow/ mw
1

T T T T T
180 190 200 210 220 230 240

Temperature/ °C

Figure 5.3: Thermal behaviour of re-heating c-PBT/#I blends
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The thermal response of c-PBT/SMI blends produdet the first DSC dynamic
run is shown in Figure 5.3. The double melting péakc-PBT produced after the first
dynamic run of CBT was explained in Section 3.Z.he double melting peak is more
obvious with the presence of 10 to 20 wt% SMI ie tilend system. The interesting
finding is still at trace (d) — the 70/30 CBT/SMEhd, although the crystallisation process
cannot occur over the timescale of the DSC experinee can still observe the melting
transition in the c-PBT melting region which indies that the polymerisation still
occurred although the crystallisation was inhihitétbwever, the melting transition
occurred over a broad region and shifted to lowergerature upon addition of more SMI

content.

)

(e)
(d)

(2) 100/0 CBT/SMI
(b) 90/10 CBT/SMI
(c) 80/20 CBT/SMI
(d) 70/30 CBT/SMI
(e) 60/40 CBT/SMI
(f) 50/50 CBT/SMI

Relative heat flow /mW Endo —»

T T T T T T T
0 5 10 15 20 25 30 35 40

Time (min)

Figure 5.4 : In situ polymerisation of CBT/SMI Blends at 190°C
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Supporting evidence for the suppression of crystdlbn in c-PBT is also found in
the process ofn situ polymerisation of CBT/SMI blends at 19C (Figure 5.4). The
crystallisation exotherm cannot be detected abd@/evi®% SMI. Again, this suppression
only applies in the context of the DSC experimentat 190C; the crystallisation process
is either prevented or becomes too slow for the M&@etect at compositions above 30
wt% SMI. This may be explained in terms of the fatimn of what is initiallya miscible
blend. As a result of the development of some degfemiscibility, the crystallisation of
c-PBT will require an initial phase separation staghich will hinder the process through
an increase in the induction time for the crystaliion. Similar results have been obtained
by Tripathyet al. [50], where they found that durimg situ blends of c-PBT with PVB, the
crystallinity c-PBT was suppressed by the blendimmgcess, which initially created a

miscible blend, which in turn affected the cryssation process.

Figure 5.5 shows the thermal response of c-PBT/BMhds produced after the
CBT/SMI blend was allowed to polymerise at 19D for 10 minutes or more. Compared
with the results shown in Figure 5.3, the meltiransition in Figure 5.5 only produced a
single melting peak. It gives the impression that €BT could still polymerise very well
even in the presence of another component (SMIpras as suitable time is allowed for
the in situ polymerisation process. The trendilstee same for more than 30 wt% of SMI
in the blend system; the melting transition ocoower a broad region and is shifted to
lower temperature. The degree of crystallisation tlké c-PBT/SMI blends which
polymerised at 190C (as shown in Table 5.2) was found to be highan tihe results in

Table 5.1 .
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(a) 100/0 CBT/SMI
- (b) 90/10 CBT/SMI
(c) 80/20 CBT/SMI
(d) 70/30 CBT/SMI
(e) 60/40 CBT/SMI
() 50/50 CBT/SMI

@)

(©
(d)

Relative heat flow /mW Endo —

)

T T T
190 200 210 220 230

Temperature /°C

Figure 5.5: Thermal behaviour of various compositias c-PBT/SMI blends afterin

situ polymerisation of CBT/SMI blends at 190°C

Table 5.2: Degree of crystallinity of c-PBT/SMI afer polymerised at 190°C

Blend Compositions (c-PBT/SMI) (wt %) Degree of crystallinity (%) 1)
100/0 80
90/10 69
80/20 46
70/30 28
60/40 21

140



5.2.2Investigation on glass transition temperature () of the c-PBT

blends

Miscibility in a polymer blend can be demonstrategl showing that a single

composition dependeri; is observed in the blend [158]. This was fountedahe case in
the c-PBT /SMI blend, and some example DSC trabesvieig the T, region for the

blends are shown in Figure 5.6.

P

Tg of 0/100 c-PBT/SMI = 75°C Tg of 10/90 c-PBT/SMI = 652C

L
T T T T T T T T T T T T T T T T T T T T T T T T T T
50 60 70 80 90 100 110 120 130 140 150 160 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Tg of 20/80 c-PBT/SMI = 63°C Tg of 30/70 c-PBT/SMI =55°C

Relative heat flow /mwW Endo—

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Temperature/ °C

Figure 5.6: Effect of blends composition on SMIT,
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Figure 5.7 illustrates the comparison between Theof the c-PBT/SMI blends
measured by DSC and the values calculated frorfralrg 74, 103, 159, 160] and Gordon-

Taylor [162-164]. In order to calculate Gordon-Tais equation (Equation 4.3), th&C,

value for SMI is 0.15% 0.06 JGK™ and c-PBT is 0.092 0.019 JgK™ was used which

obtained from DSC experiment.

350 — = T, values from experimental data

Q fffff (a) T, values calculated from Gordon-Taylor Eq. ,:.
Vm 1 - (b) T, values calculated from Fox Eq. .

"~ 340 g

g .

=] ~m.

o 330 @

g (b).-"

m e 3 e

E - .

S 3204 .
.g . ’.

s

T, 3104

) .
L - SOt
o s - _/./- - |

300 -l-
T T T T T T T T T ! |
100 80 60 40 20 0

Blend composition (c-PBT wt%)

Figure 5.7 : T, comparison between Fox, Gordon-Taylor and experimeal data of c-

PBT/SMI Blends
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A single, composition-dependej was observed between those of the component

polymers. This is further evidence of the developtred miscibility in the blend system.
In general, each component in immiscible blendsimstits own individual properties. Its a
consequence they usually exhibit two glass tramssti or melting peaks, in the case of

crystalline polymers [120, 154, 158].

5.2.3FTIR examination on the c-PBT/SMI blends

Figure 5.8 displays the FTIR spectra of CBT and Sbpolymer from a total of
100 scans at a resolution of 2ty an ATR technique [102]. The peak assignment of
CBT was made in Section 3.2.5.1 and the peak asgigts of SMI copolymer are listed in
Table 5.3 [116, 172-174]. On the other hand, thd §péctra only show one distinct and
very prominent peak corresponding to the carbobglogbance (C=0) band from imide

[173] centred at 1688 3 cmi* .
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1 (a) CBT Oligomer
(b) SMI
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c

9 -

£ (@) J

o e - e —

=

T -

&)

0

(b)
_M f
| | |
2400 1600 800
Wavenumber /cm™
Figure 5.8 : FTIR spectra of CBT and SMI
Table 5.3: Peak assignments for SMI copolymer
Wavenumbers (ci) Assignment [116, 172-174]
3600 to 3000 N-H stretching
3000 to 2800 C-H stretching
1750 to 1600 Carbonyl (C=0) stretching
1300 to 1000 Various C-O-, C-C and C-H vibration
modes (stretching & bending)

800 to 700 Phenylene bending
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——100/0 c-PBT/SMI
0.9 80/20 c-PBT/SMI
¢-PBT (C=0) ——50/50 c-PBT/SMI

——20/80 c-PBT/SMI

SMI(C=0) /100 c-PBT/SMI

Absgrbance
o
|

0.0 - T T T T
1740 1710 1680 1650

Wavenumber /cm™

Figure 5.9: Effect of CBT/SMI Blends composition orcarbonyl group beforein situ

polymerisation

Since CBT and SMI spectra have prominent peakesponding to the carbonyl
absorbance (C=0), an investigation were made m ltand to study the effect of blend
composition andn situ polymerisation. Figure 5.9 shows the effect of C&EVI blend
composition on the carbonyl group befonesitu polymerisation. Closer inspection of the
carbonyl bands of both component polymers shows ttie bands appear in different
locations, the CBT carbonyl band is centred at 2% cni" and the SMI carbonyl band
is centred at 1688 3 cmi'. It can be seen in that figure that for 80/20 8850 CBT/SMI
blend composition only the CBT carbonyl band appéand for 20/80 CBT/SMI only the

SMI carbonyl is dominant.
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SMI (C=0) ——100/0 c-PBT/SMI

0.9 - 80/20 c-PBT/SMI
—— 50/50 c-PBT/SMI

084 ¢-PBT (C=0) — 20/80 c-PBT/SMI

—— 0/100 c-PBT/SMI

00 T T
1740 1710 1680 1650

Wavenumber /cm™

Figure 5.10 : Effect of c-PBT/SMI Blends on carbonlygroup

A significant finding was found in the effect onetltarbonyl group aftein situ
polymerisation (Figure 5.10). Aftén situ polymerisation the blend spectra consist of both
carbonyl bands (c-PBT and SMI). Moreover, a vasiatin relative intensity of the
carbonyl bands with blend composition is apparest Would be expected in a blend
system in which the proportion of each componengalisred). There is also a slight
variation in peak position of both bands with cosipon in that there is a shift of both
bands to an increased wavenumber. Although the clizthe shift is small, it is still
significant and can be interpreted in terms of degelopment of miscibility in the blend

system i.e. interaction between the component petgrare likely to involve the carbonyl
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bands within both polymers. The interactions chattye local environment of these

functional groups and hence affect the peak lonatio

As the blend composition varied, so did the loca#iof the carbonyl peaks, as
shown in Figure 5.11. Although the variation is m@minentin the SMI (C=0), it can
be seen that the peak location of each C=0 batriits stwards an increased wavenumber
indicating a change in the local environment of tireup. This observation can be
interpreted in terms of the explanation presentedife suppression of crystallisation and

the occurrence of a singlk, , i.e. miscibility.
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Figure 5.11 : Shift of carbonyl peak by c-PBT/SMI lkends composition.
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5.2.4Studies on fracture surfaces of the c-PBT blends

Scanning electron microscopy (SEM) micrographshef frozen fracture surfaces
of c-PBT/SMI blends for the blend composition rarggfrom 90 to 50 wt% of c-PBT are
shown in Figure 5.12. These SEM micrographs shoulegeffect of c-PBT/SMI blend
composition after 30 minutes situ polymerisation. Pure c-PBT shows a ductile frastur
surface deformation. Chow [165] obtained a similgre of deformation observed for
linear PBT. It could suggest that the production poflyester i.e., PBT vidn situ
polymerisation of its cyclic oligomers still proded ductile material as conventional

production of linear PBT.

In this study, we observed that the fracture serfat the c-PBT/SMI blends
changed with each 10 wt% SMI content increment® dictile deformation surface was
affected by 10 wt% SMI (90/10 c-PBT/SMI) and comelg changed in the presence of 20
wt% SMI and was replaced by appearance of smadiicpes. A closer look (X4000,8n)
of these small particles showed that actually they a nodular texture as shown in Figure
5.13. The nodular texture is believed to be criis@imaterial. The appearance of these
possible crystallites reduced with an incremenidl 8ontent and was found to disappear
in 50/50 c-PBT/SMI after adequatesitu polymerisation time. Phase separation was also
not clearly seen at this composition. Furthermdiee homogenous microstructure

observed in 50/50 c-PBT/SMI suggesting miscibility.

Moreover, these SEM micrographs are further suppprievidence for the

suppression of crystallinity. In summary, suppra@ssof crystallisation in the blends
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containing 30 wt% SMI was also observed followingmination of the fracture surfaces

using SEM which consistent with thermal behavid®C) results.

Figure 5.12: Effect of c-PBT/SMI blends compositioron fracture surfaces
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Investigations to study the effect of situ polymerisation times on the blends
fracture surface, are illustrated in Figure 5.18 &igure 5.14, respectively. The effect of
in situ polymerisation were studied for various time; 138 minutes. In the case of a c-
PBT rich composition (80/20 c-PBT/SMI), we obsertedt the SEM micrograph showed
the presence of small particles which are beligeebe crystallites after 1 minuta situ
polymerisation. These small particles then grownastu polymerisation times increased
to 5 minutes and formed nodular texture which repnés the crystalline phase. This
nodular texture keep growing as the situ polymerisation reached 30 minutes. The
nodular texture observed in the c-PBT/SMI 80/2MdI¢Figure 5.13) is indicative of the
c-PBT being crystalline rather than immiscibilifyhis suggestion is in agreement with the

thermal behaviour (DSC) results in Figure 5.4.

On the other hand, the SMI rich composition (20288BT/SMI) SEM micrograph
also shows small particles which appeared afteinut® ofin situ polymerisation but do
not grow as in the c-PBT rich composition caseah be seen (Figure 5.14) that the small
particles decreased and are missing after the &itesm situ polymerisation allowed for
SMI rich composition. The 30 minut@ssitu polymerisation (which is believed complete)
of the SMI rich composition resulted in a homogarsemicrostructure. This morphology
obtained from then situ polymerisation is suggested to produce a mis@bRBT/SMI

blends system above than 30 wt % of SMI.
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Figure 5.13: Effect of polymerisation time on fractre surface of c-PBT rich blend

(80/20 c-PBT/SMI)
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Figure 5.14: Effect of polymerisation time on fractire surface of SMI rich blend

(20/80 c-PBT/SMI)
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5.2.5Comparison with the immiscible blends system (c-PBPS)

The c-PBT/SMI blends which were preparea the solid dispersion technique and
simultaneousn situ polymerisation show some evidence of miscibil&g. a comparison,
we investigated the behaviour and morphology oflemd system which is known to

produce immiscible blends with linear PBT. PS weschoice as it has a loW, (90 to

110°C) below the range of polymerisation temperatur€Bfl (160 to 200C). PBT/PS
blends systems are known to be immiscible blend$-[lI79]. Note that the c-PBT/PS

blends were prepared using the same proceduratassd to prepare c-PBT/SMI blends.

5.2.5.1Thermal behaviour

Figure 5.15 represents the thermal response of EBBlend during dynamic (10
°C/min) heating. It was expected that the immischilends would not interfere with the
crystallisation process during production of c-PBlhe crystallisation process still
appeared in the case of PS dominant blends (4GBBT¢PS). Signs of crystallisation
were not obvious in 20/80 c-PBT/PS as the quamtityCBT in the system decreased.
These results be illustrate the difference betwbermal behaviour miscible (c-PBT/SMI)

and immiscible blends (c-PBT/PS).
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(a) 100/0 CBT/PS
T (b) 80/20 CBT/PS
(c) 60/40 CBT/PS
o (d) 50/50 CBT/PS
S | (e) 40/60 CBT/PS
W | (f 20/80 CBT/PS (@
(g) 0/100 CBT/PS
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Figure 5.15: Thermal behaviour of various composittns CBT/PS blends

It also clearly seen that the c-PBT/PS heatingetamnsist of two transitions which

belong to glass transition temperatuiig  of PS above 90C and melting point of c-PBT

at 225°C as shown in Figure 5.16. The higher PS contestalgo found to have ruined

the spherulite perfection of c-PBT during fassitu polymerization (trace e.)
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(a) 100/0 c-PBT/PS
(b) 80/20 c-PBT/PS
(c) 60/40 c-PBT/PS
(d) 50/50 c-PBT/PS
(€) 40/60 c-PBT/PS
(f) 20/80 c-PBT/PS
(b) 0/100 c-PBT/PS

Endo—
|

Relative heatflow/ mwW

(f)
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80 100 120 140 160 180 200 220 240

Temperature/ °C

Figure 5.16: Thermal behaviour of re-heating variols compositions c-PBT/PS blends

Investigations of thén situ polymerisation of CBT/PS blends also reveal that t
crystallisation process was not affected by thegmee of PS (Figure 5.17). These results
are totally different from those for miscible blen¢Figure 5.4). The immiscible blends

will behave according to their single componenf0}1158].
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—100/0 c-PBT/PS
— 80/20 c-PBT/PS

50/50 c-PBT/PS
—20/80 c-PBT/PS

Relative heatflow/ mW Endo —

Time/ min

Figure 5.17:In situ polymerisation of CBT/PS Blends at 190C

(a) 100/0 c-PBT/PS
(b) 50/50 c-PBT/PS
| (c) 20/80 c-PBT/PS

@)
(b)
(©

Relative heatflow/ mW Endo —

T T T T T T T T
80 100 120 140 160 180 200 220 240

Temperature/ °C

Figure 5.18: Thermal behaviour of various compositns c-PBT/PS blends aftern

situ polymerisation of CBT/PS blends
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In Figure 5.18, we can see that thesitu polymerisation of CBT/PS which
occurred over an appropriate time scale still peceduimmiscible blend behaviour. The
heating traces of c-PBT/PS blends show that twusitians are present, i.e. tig of PS
and the c-PBT melting point. It reflects that naemaction occurred during the

polymerisation process.

Moreover, an observation ofy, of the c-PBT/PS blends clearly indicates tilp

(Figure 5.19) which represent the individual comgus, c-PBT (27C) and PS (AT),
respectively. The Fox’s and Gordon-Taylor's equai@are not applicable to this system

since the system clearly shown immiscible blendattaristics.

(a) 100/0 c-PBT/PS
1 (b) 80/20 c-PBT/PS (@)
(c) 20/80 c-PBT/PS

Relative heatflow/ mW Endo

T T T T T T
20 40 60 80 100 120 140

Temperature/ °C

Figure 5.19: T, of c-PBT/PS blends
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5.2.5.2Fracture surfaces of immiscible blends system (c-PBPS)

The morphology of an immiscible polymer blend dejseon a variety of factors:
the interfacial tension, the viscosity ratio of tbemponents, the volume fraction, the
shear, and extensional stresses encountered duorgssing [180]. An immiscible blend
always results in a coarse morphology and a regtilarge domain size for the minor
component due to high interfacial tension [93, 180foarse surface can be observed in
the 20/80 c-PBT/PS blend (produced through saméadedf production as c-PBT/SMI
blends) as shown in Figure 5.20. The SEM micrograipf0/80 c-PBT/PS blends which
went through 10 minutds situ polymerisation shows this sample had a distinctplase

morphology, i.e., a continuous PS phase with aedssggl c-PBT phase.

Moreover, the effect of phase separation on thepssswhich had 30 minutes and
60 minutegn situ polymerisation can clearly be seen. The samplew shheterogeneous
structure with droplets supported in a matrix amfbin many cases of immiscible blends
previously [155]. This implied poor interfacial aftion between PS and c-PBT phases as
all the spheres and holes are found have smootacsgt In summary, it can be said that
PS and c-PBT phases in the blend are immiscible tlaa interfacial tension between the

PS and c-PBT phases was relatively high.

The examination of morphology of c-PBT/PS blends gdrovides further evidence
of miscibility in c-PBT/SMI blends system. Theresaro droplets or coarse surface found

on c-PBT/SMI blends morphology as illustrated imeooon immiscible blends.
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Figure 5.20: Effect of polymerisation time on fractre surface of PS rich blend (20/80

c-PBT/PS)
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5.3 Conclusions

Blends of CBT and SMI have been successfully pegpaising a solid dispersion
technique followed by am situ polymerisation process of the CBT to produce adblef
c-PBT polymer and SMI. Preparation of the blenddhimithe DSC showed that under the
conditions of the DSC experiment, the crystallmatof c-PBT was suppressed by the
presence of SMI. This was most apparent at compositn excess of 30 wt% SMI, at
which point, the crystallisation process of c-PBE€céme undetectable within the

conditions adopted for the DSC experiment. A singlemposition dependent blerig

was also found which strongly suggested that tlemdMwas miscible. The presence of
miscibility offers an explanation of why the cry$itation process in c-PBT became
depressed: miscibility necessitated a phase sépanaitocess prior to the crystallisation.
This manifested itself as an induction time for thgstallisation to such an extent that the
crystallisation process became undetectable inctimtext of thein situ polymerisation

process adopted in this work.

In contrast, the observation on c-PBT/PS blendtesydound no suppression of

crystallisation processes at all blend compositidiie presence of twd, in c-PBT/PS

blends dynamic DSC heating curve clearly indicatesimmiscible blends system. The
results found then suggest the further evidencenistibility c-PBT/SMI blends. The
driving force for miscibility between c-PBT and Shlbased primarily on an interaction
between carbonyl groups and hydrogen bonding on ciiponent polymers. The
morphology investigation also observed that c-PBM/$lends have a homogenous
microstructure since the SEM micrographs do notspbase separation as in a c-PBT/PS

blends.
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Chapter Six

THE EFFECT OF c-PBT BLEND COMPOSITION
ON THE EQUILIBRIUM MELTING AND
ISOTHERMAL CRYSTALLISATION

6.1 Introduction

6.1.1Semicrystalline/amorphous polymer blends

Figure 6.1 illustrates the possible microstructuoésemi-crystalline/amorphous
polymer blends on cooling from the melt. It hasrbesported that there are three possible
microstructures which can be formed in the caseistible semi-crystalline/amorphous
polymer blends and where the diluent polymer (ainous) can reside, i.e. (i) between the
crystalline lamellae [181-185], (ii) between filsril[114, 186] and, (ii) between the
spherulites [114, 185-189]. It is also possiblet ttee amorphous polymer location can

have combinations of all these (interlamellar, rfiiveillar, interspherulitic) arrangements
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[114, 185, 186]. The miscible semi-crystalline/aptmus polymer blends could have

multiple T, as multiple locations for the amorphous polymeuldde expected to lead to

amorphous regions with different composition arehde, differentr, [93].

H
4"y
L/
"

"'u

&,
iy, h 'ty
Sl Py i

® (iD)

Semi-crystalline polymer
-------- Amorphous polymer

Figure 6.1: The possibility of solid state microstucture of semi-
crystalline/amorphous melt miscible blends; (i) inerlamellar, (i) interfibrillar and

(iii) interspherulitic (magnification increases from right to left in the drawings)[93]

In general, the amorphous polymer is trapped ierlamellar regions when if§;
is relatively high compared to thE of semi-crystalline polymer [93]. On the other tan
when theT, of amorphous polymer is low relative Tg, at least some of the amorphous

polymer is located outside of the interlamellarioeg. The mobility of the amorphous

polymer which is determined by it§;, was found as an important factor in diluent

segregation. For instance, Talibuddiral. [190] who studied the melt-misciblity of poly
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(ethylene oxide) (PEO) blends found that the aitueobility influence the segregation of
weakly interacting blends. They observed that phethyl methacrylate) (PMMA)

(relatively highT ) was trapped between PEO lamellae while poly (vatgtate) (PVAc)
(relatively lowT;) was located partially in interfibrillar regioridowever, Wuet al. [191]

found that the PEO blends with two strongly intéragxcopolymers (ethylene-methacrylic

acid (EMAA) (relatively lowT;) and styrene-hydroxystyrene (SHS) (relativeyhtiT ; ))

exhibited approximately the same degree of segmgategardless of diluent mobility.
Moreover, they (Wt al.) reported that EMAA and SHS were excluded interiitbrillar
regions at diluent contents of 20% and locatedtatrspherulitic at higher concentration of
diluent content. From the both studies of PEO dideit can be concluded that the strongly
interacting SHS showed significant diffusion froimetcrystal growth front, while the

weakly interacting PMMA was trapped within interlaltar regions.

The crystallisation in the semicrystalline-amorphaniscible blends still occur in

the range of it'sT, and T, as in neat semi-crystalline polymer [93]. The taifsation

process of miscible semicrystalline-amorphous desystem will involves two types of

polymer transport; i.e. diffusion of the crystadlide component toward the crystal growth
front and a simultaneous rejection of the amorplummsponent [143]. This leads to liquid-
solid phase separation which give a variety of rholpgy patterns. According to Chéal

al. [143], the morphological formation may be kinetigatontrolled by composition and

thermal history.

163



6.2 Nishi-Wang Theory

In the previous chapter (Chapter 5), miscibility tok c-PBT/SMI blends was

discussed based on the existence of single glassition temperaturel . Furthermore,

analysis of the melting behaviour of crystallindypeer blends is also one of the methods

of assessing polymer-polymer miscibility [93]. Bshbeen reported that the miscible semi-

crystalline/amorphous blends will result in the iQtium melting temperature,T,;
depression. The analysis @f depression is widely used to estimate the Florygdisg

interaction parameterx(,) [143, 192-200].

Nishi and Wang [192, 193] who modified the Florygdins theory [201] derived

the T, depression of a crystalline phase with amorpholyper in a miscible blend as;

1 1 _ -RY, {In(ﬂz +(i_%j¢i +)(12(42} (Equation 6.1)

blend ) Trg(pure) AH ?Vl m, m,

T (

where AH? is the heat of fusion for the 100% crystallisatdenponent (85.75 J/g [34, 35,

67, 111, 112]),R is the universal gas constant (8.314'tt0I"), V is the molar volume
of the polymer repeating unity is the degree of polymerisation, agdis the volume
fraction of the component in the blend. The subserip and 2 denote the non-
crystallisable (amorphous polymer) and crystallisaltomponents (semi-crystalline

polymer), respectively.
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The volume fractiory can be evaluated from the weight fractions andities of

the components, where:

"
- /[P (Equation 6.2)

L
P P

It is assumed that if the entropy of mixing is ngigle in polymer blends
m, =m, — o [154, 200], the melting point depression is donmedaby an enthalpic term,

and Equation 6.1 can be simplified as:

1 1 _-RY
T? AH OV,

blend ) m (pure)

o) (Equation 6.3)

Ta (

Commonly, a plot of=AH {V, / RV, U/ Tyesy 1/ Toore) @gainstgf should result in

straight line. Thus, the estimation gf, is obtained from the slope of this plot [143, 192-

200]. Moreover, the interaction energy densiy,could be determined from the Equation

6.4 as below [149]:

RT?
B= @ (Equation 6.4)
1
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6.3 Results and discussion

6.3.1The equilibrium melting temperatures, T?

The melting pointsT, of the c-PBT/SMI blends after isothermal cryssation at

various crystallisation temperatures (X@7to 201°C) are shown in Figure 6.2 to 6.4. It is

observed that as the SMI content increasesTthef the blends gradually shifts to lower
temperatures which shows that the SMI componergesaa depression iRy, . Lim et al.
[137] suggest that thd , depression may be attributed to a reduction dryse or

imperfections in the crystalline lattice. Therefooair observation on c-PBT/SMI blends

suggests that the incorporation of SMI will resnltess perfect c-PBT crystals.

Again by applying the Hoffman and Weeks [99] appigahe equilibrium melting

points (T,)) of c-PBT/SMI blends were obtained from a lineaiof T, againstT, (slope
0.50 = 0.05), as the intercept of the extrapolated dath the line T =T_ . Figure 6.5

shows the Hoffman and Weeks plots for the c-PBT/8Mihds.
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Figure 6.2: Melting peak of 90/10 c-PBT/SMI after keing held at various

crystallisation temperatures
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Figure 6.3: Melting peak of 80/20 c-PBT/SMI after keing held at various

crystallisation temperatures
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Figure 6.5: Hoffman-Weeks plot of observed meltingemperature against
crystallisation temperature for c-PBT/SMI blends
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Figure 6.6 summarises tHE, observed in c-PBT/SMI blends. The results show

that theT_ valuesof the blends are lower than those of the c-PBTrevltiee increase of

SMI content decreases the® value. This finding is expected as previous reseant

miscible crystalline-amorphous polymer blends sl@odepression of; [143, 192-200]

The depression ofT, which lower the degree of supercooling was repottedtause

significant reductions in spherulitic growth rafes strongly interacting blends [191].

Equilibrium melting temperature, Tm° (K)

530

529 ]
528 ]
527 ]
526 ]
525 ]
524 ]
523 ]

522

521

100/0 c-PBT/SMI

. 90/10 c-PBT/SMI

, 80/20 c-PBT/SMI

70/30 c-PBT/SM| =

T T T T T T T T T
10 15 20 25 30

SMI content (wt%)

Figure 6.6: The equilibrium melting temperatures ofc-PBT/SMI blends
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Figure 6.7: Application of Flory-Huggins theory modfied by Nishi-Wang equation

for c-PBT/SMI blends

By wusing the Nishi-Wang equation, a plot of the tlefterm

(mAH VIRV, U T yenssy —1 ey ) VETSUSET gives a straight line with negative slope

as shown in Figure 6.7. The following parameteeswamed in order to calculate Equation

5.11; AH?= 85.75 J/g,R= 8.314 JK'mol’, V, = 251.21 criYmol of monomer,V, =

207.73 criymol of monomer,p, = 1.14 g/cm [87] and p,= 1.31 g/cm [75]. It was found

that the value of that slope was -2:88.15 x 10° which represents thg_, value.
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The negative value of thg , parameter observed in this study indicates that c-
PBT and SMI pairs are thermodynamically miscibléhi@ melt. In general, a negative free
energy of mixing can be achieved with interacti®e$ween blend components such as
intermolecular hydrogen bonding [161, 202]. As d&sed earlier in a previous chapter
(Chapter 5), an interaction of c-PBT and SMI blemdsuld be expected between the
carbonyl groups of the blend components. Moreobgrapplying the y , value which
obtained from Nishi-Wang plot in the Equation @hE interaction energy densiti3() was
calculated as -0.04 JéinLee and Woo [149] concluded that redudgdvalue generally
means a stronger intermolecular interaction inbllead. In their work, they found that the
B value of poly(4-vinyl phenol)/poly(trimethyleneréphthalate) (PVPh/PTT) blend is -
32.49 Jcrit but in other work which studied poly(4-vinyl pteyi poly(epsilon -
caprolactone) (PVPh/PCL) blends reported tBatvalue of that blend (PVPh/PCL) is -
41.11 Jerit. This indicates that the PVPh/PCL blends haveranger intermolecular

interaction than PVPh/PTT blends.

6.3.2Crystallisation of c-PBT/SMI blends

Hot crystallisation (the crystallisation processiebhoccurs during cooling of
polymer melts) was studied in the temperature rasfg200 to 140°C to examine the
effect of c-PBT/SMI blends on the crystallisatioh @PBT. The overall crystallisation
exotherms could be measured when samples weredcabke rate of 10C/min from the

melt (after being held at 220 for 5 min) in the dynamic DSC mode. The effecblend
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composition on the hot crystallisation of c-PBT/SMénds is shown in Figure 6.8. It is
obvious that the presence of SMI shifted the ctlysédion of the pure c-PBT (originally
found at 196C) to lower temperature. As predicted and repobggrevious researchers
[150], the presence of miscible blend componentssemi-crystalline polymers will
impede the crystallisation process. The possibEsae is that the second polymer
(amorphous) might reside mainly in the interlameléand interspherulitic region of
crystalline polymer and slow the crystallisatiorogegss. From the estimation of Flory-

Huggins parametery(,) by Nishi-Wang approach, we noticed that the c-f blends

are weakly interacting blends as thgir is a small value and thg, of SMI is relatively

lower than c-PBTT,. These two characteristics influence the locatbsecond polymer

(SMI) in the microstructure of c-PBT/SMI blendsdiscussed earlier in Section 6.2. On
the other hand, Huet al. [114] who studied the location of polyarylate (P#Ar PBT/PAr
blends by small-angle X-ray scattering (SAXS) fouhdt PAr (second polymer) location
in the interlamellar and interspherulitic regionpdeds on the blend composition, i.e.
interlamellar PAr structure holds for blends witAr 0.40, while either interfibrillar or

interspherulitic structure exists for blends withr 0.40.

Typical crystallisation curves for c-PBT/SMI blends different isothermal
crystallisation temperatures are shown in FiguBs &s an example, a 90/10 blend. Note
that the end of the crystallisation process wasrtak be the point where the isothermal

curve converged with the horizontal base line psnted in literature [132, 203].
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6.3.3Avrami analysis

The overall development of relative crystallini, with time at selected

crystallisation temperatures of c-PBT/SMI blendssiown in Figure 6.10. From that
figure, we can see that all the isotherms show asidah curves. They depend on the
crystallisation temperature selected and time. Ttead is in agreement with previous

polymer crystallisation studies [130, 143].

In the case of c-PBT/SMI blends, the relative alstity versus time plot reveals

that higher level of SMI contents slow the cryssallion process of c-PBT. As an

example, Figure 6.11 shows thiat, increases with increasing SMI contents. The is

defined as the time to reach the maximum rate @ttlgstallisation process [132, 139] and

is also known as crystallisation half-life. All thg,, values for various crystallisation

temperatures and blends compositions are list@ale 6.1.

It could be suggested that the increment tgfvalues with SMI content is
attributed to the reduction of molecular mobiligrising from increase of;, and the
dilution of c-PBT concentration upon blending wiMI. The t,,, also was observed to
increase with increasing crystallisation tempegfiyr at given composition which is
consistent with the postulate that crystallisatkametics in theT, range were dominated

by the thermodynamic driving force of crystalligeti[143].
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Figure 6.12 illustrates the Avrami plot of c-PBT/Ellends as an example at
197°C. It clearly shows almost parallel lines at diéfiet blend compositions and the lines
shifted to higher time as the crystallisation psscevas impeded with the increasing SMI
content into the blend. The parallel lines implatthhe crystal growth geometries and
nucleation mechanism are similar, although at dbfie blend compositions. This trend
was also observed by Chai al. [143], who worked on the crystallisation kineticé o
poly(trimethylene terephthalate)/poly(ether imi@@Y T/PEI) miscible blends. They found
that the experimental data closely agree with threai equation at low conversion but
deviate from the equation at high conversion whglbelieved to be due to secondary

crystallisation. From this plotgg(- In(L- X,)) againstiogt ), the Avrami constany and

the overall crystallisation rateZ can be obtained from the slope and the intercept,

respectively.
10
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004 o 90/10
4 80/20
_ 05+ % 70/30
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Figure 6.12: Avrami plots of c-PBT/SMI blends at 19 °C
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Table 6.1: The Avrami parameters for c-PBT/SMI blerds

Blend Crystallisation
composition Temperature, n, Half-life Z, min™
(c-PBT/SMI) (°C) +0.1 (t,,,), Min (x10%)
+0.1 + 0.002
197 2.4 2.7 S77
100/0 198 2.4 3.7 269
c-PBT/SMI 199 2.4 4.7 155
200 2.4 6.0 82
201 2.5 8.4 25
197 2.5 4.2 235
90/10 198 2.5 5.4 127
c-PBT/SMI 199 2.5 7.2 62
200 2.5 8.0 46
201 2.6 115 14
197 2.7 10.6 10
80/20 198 2.7 11.8 9
c-PBT/SMI 199 2.8 13.5 5
200 2.8 14.6 3
201 2.8 16.3 2
197 2.6 13.2 8
70/30 198 2.6 16.3 6
c-PBT/SMI 199 2.7 17.3 2
200 2.7 19.8 2
201 2.7 20.5 2
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It can be observed that the addition of 30 wt% $&4ulted in a drastic increase of

t,,, and decrement oZ compared to c-PBT as shown in Figure 6.13 andrEigul4,
respectively. It is believed that the miscibilitifext found in that composition cause the
slower crystallisation process of ¢c-PBT. This wéskused on the hot-crystallisation of c-
PBT, therefore only half of the bell shaped curvepparent. The growth rate in Avrami
equation can be related to the, and theZ . A high growth rate corresponds to a low

and high Z constant. Therefore the temperature dependen@#s th, and Z are

consistent with the Hoffman-Lauritzen theory.
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Figure 6.13: Variation of half-life as a function d degree of supercooling of

c-PBT/SMI blends
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Jenkins [129] in his work on crystallisation in wcilde blends of poly(ether ether
ketone) (PEEK) and poly(ether imide) (PEI) conclitleat the temperature dependence of
both thet,,, and theZ can be explained by the existence of two compegffects as
described by the Hoffman-Lauritzen theory [125, -132] which is modified from

Turnbull and Fisher [127]. Competition between tve results in a minimum in thg,,

and a maximum in th& at a temperature midway between TeandT, .

6004 —m=— 100/0 c-PBT/SMI
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Figure 6.14: Variation of composite rate constantsa function of degree of

supercooling for c-PBT/SMI blends
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In the case of c-PBT/SMI blends, it is obviouslysetved that the rate of
crystallisation at constant crystallisation tempan@ decreases with increasing SMI
content. The possible reason is the presence ofcalHing increased melt viscosity of the
blends. The greater melt viscosity slows the diffusof the SMI molecules away from the
growth front giving rise to a slower crystallisatioate. Information on the phase
morphology of the blends can also be inferred ftbm evidence. As the crystallisation
rate of the blend is markedly slower than that &?RT, it can be assumed that the
components mix at the molecular level and large alosmof c-PBT do not exist in the

blend.

6.3.4Effect of the blends on nucleation constant and stace free energy

The effect of the presence of second polymer (SMB-PBT/SMI blends on the
nucleation constantK ;) and surface free energy producia(,) was also analysed using
Hoffman-Lauritzen theory as in Section 4.3.3. Fgu8.15 illustrates the Hoffman-
Lauritzen plot for blends of c-PBT/SMI blends. THg value was found to decrease (as
listed in Table 6.2) and the transition from regilthéo regime 1l was observed as the SMI

content increased. The results from this studycaresistent with the Hoffman-Lauritzen

theory whereas for the c-PBT spherulitic growthwoed in regime 1l as the degree of
supercooling,AT is high. The depression of equilibrium meltingnto(T,;) which is

found in miscible polymer blends will lower th&T . As a consequence the spherulitic

growth shifted to regime Il which occurred at medidT . Avella and Martuscelli [204]
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found similar results in PHB/PEO blends where PHiastallised in regime 1l but its
blends with PEO crystallised in regime Il. It waported that a shift of regime IlI-1I
transition to lower temperature with increasingaset polymer (amorphous) contents
suggest that the secondary nucleation rate wassksgut by a larger extent upon blending

than the surface spreading rate [194].
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Figure 6.15: A Hoffman-Lauritzen plot for blends of c-PBT/SMI blends

The estimation of surface free energy produet, using Equation 4.19 shows a

decrement trend. This is consistent with the mglpnint depression where the ability of
c-PBT to crystallise from melt was reduced with ithe@eased levels of SMI. Jenkins [129]

also suggested that the surface free energy produrtis influenced by composition of

the blends, i.e., the quantity, is determined by chainfolding, whereas the quantit
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varies with the nearest neighbours. Hence, thaserénergy variation is one of the factors
that determine the crystallisation rates of c-PBVerall the observation on reduction of

K, andgo, is in agreement with the previous finding whickalved miscible blends of

crystallisable polymers [143, 146, 204]. Based arffidan-Lauritzen theory (Equation

4.19), it can be seen that the, will affect the oo, in the same regime where the
reduction in K, value will decrease theo,. It also suggested that reduction of both

parameters is due to miscibility of the blendshesdrystallisation process has been found
to be affected by the blend components especiallytlie blends which involved a
crystalline-amorphous system. It is believed thase amorphous (SMI) components were
located in the region of interlamellar and interspititic of crystallisable polymer (c-PBT)
and as a result they lowered the degree of crystglland the crystallisation rate of the

semi-crystalline polymer.

Table 6.2: Variation of the nucleation constant andurface free energy product of

c-PBT/SMI blends

Sample Ky x 10° K? oo, (x10% Fm™)
100/0 c-PBT/SMI 5.13+ 0.02 6.44+ 0.01
90/10 c-PBT/SMI 4.18+ 0.02 5.33+ 0.02
80/20 c-PBT/SMI 1.88+ 0.02 484+ 0.01
70/30 c-PBT/SMI 1.62+ 0.02 4.10+ 0.05
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6.4 Conclusions

The equilibrium melting pointT,) and isothermal crystallisation kinetics of c-
PBT blends with SMI were investigated. TRg of c-PBT blends was determined using

the Hoffman and Weeks method. Studies on Tjjeindicate that the presence of SMI

content lowers the melting point of c-PBT. It may dttributed to the reduced crystal size
or imperfect crystals in the crystalline latticeeWould suggest that the incorporation of
SMI will encourage less perfect c-PBT crystals. dtver, polymer-polymer miscibility

could also be investigated by analysing the meltaefpaviour of crystalline polymer
blends. TheT. depression is partial evidence that miscibilitytire blend system is
achieved. The Flory-Huggins interaction paramepgy X was calculated using the Flory-
Huggins theory modified by Nishi and Wang. In tkiady, the Flory-Huggins interaction
parameter f,,) was found to have negative values which indic#tes c-PBT and SMI

pairs are thermodynamically miscible in the melt.

The Avrami plot shows that the crystal growth getiree and nucleation
mechanism of c-PBT/SMI blends are similar, althoagidifferent blend compositions.

Crystallisation parameters such as half-lifg,(, rate constant4 ), and Avrami exponent
(n) have been found to be sensitive to Tevalues and blend compositions within the
range of 197 - 201C. Thet,,, was observed to decrease with an increase if thend

SMI content while values of decreased in this situation. Thevalues were found to be

in the range from 2.4 to 2.8 for the primary crilation process for c-PBT and its
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blends, indicating that heterogeneous nucleatiospbferulites occurred and growth of

spherulites was between two-dimensional and thir@esional.

The Hoffman-Lauritzen secondary nucleation theolswsed to estimated the

nucleation constanti, ) and surface free energy producia,) of c-PBT/SMI. A shift in

the crystallisation process from regime 1l to ragill was observed with increasing SMI
content. The addition of SMI in the c-PBT matrixosfed that SMI had some dilution
effect on c-PBT where it reduced the crystalligatiate of c-PBT. It is also suggested that
the second polymer (SMI) might reside mainly in theerlamellar or interspherulitic

regions of the crystalline polymer and impededdtystallisation process.

184



Chapter Seven

CONCLUSIONS AND FUTURE WORK

7.1 Conclusion

Thermal behaviour studies have been carried ouCBF and c-PBT, respectively
by DSC, FTIR, GPC, TGA and optical microscopy. TBEC results indicated that the
CBT contain three components, presumably diffeoéigomers. The production of c-PBT

begun with a low molecular weightM|,) material and it increased during the

polymerisation.

A suitable initiator such as tin and titanium cg$td is needed in order to
polymerise CBT. The use of a cyclic initiator, j.stannoxane is reported [14] to lead to
ring-expansion polymerization which produces mawydic polymer as a result. It was
found that the active temperature range for polyraéon is when the CBT was fully

melted but below the melting point of the resultpmymer. The c-PBT produced in this
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temperatures range has a higher degree of crystalihan PBT produced by conventional

methods.

It is believed that the simultaneous polymerisatod crystallisation processes for
the production of c-PBT could not be separatedgusie thermal analysis behaviour since
the polymerisation of CBT is an almost thermo-na&uteaction and also both processes
occurred rapidly in a short time. Based on theramallysis by DSC and GPC it was found
that the crystallisation process starts as soonhasM, of the polymer reaches an
appropriate level even though polymerisation stdhtinues. The development &f
during the crystallisation process suggests thattistallisation process begins before the
polymerisation process was complete. From the assad of the melting behaviour of the

resulting c-PBT and the development B, during polymerisation of CBT, it is also

believed that polymerisation and crystallisatioa eompleted at the same time.

The polymerisation process of CBT has a signifiefect on the C-O stretching
and C=0 stretching band as the peak intensity a@sagd the peak location shifts during
the ring expansion polymerisation. The spectra wetend to be more dominant in
crystalline arrangement when the c-PBT formed as gbmi-crystalline polymer was

produced.
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Thermal degradation studies showed that the usestahnoxane as an
initiator/catalyst to aid ring-expansion polymetisa however has limitations due to its
stability at high temperature. As s consequenaeeptiymerisation of CBT to produce the

macrocyclic polymer should only be done below thedtimg point of the polymer.

The presence of multiple melting peaks when thegmetfisation of CBT is not
complete is believed to be due to the existencmigéd spherulites as a consequence of
mixed cyclic and linear structures. Furthermores folymerisation of CBT at high
temperature (> 210C) also resulted in multiple melting peaks as tlgrddation of
stannoxane is expected at high temperatures. Datgwadf stannoxane will cause mixed
cyclic and linear structures. On the other hane dibuble melting peak behaviour which is
found during re-heating of c-PBT is believed todoe to the melting and re-crystallisation

of imperfect crystals.

The c-PBT/SMI blends were successfully prepared sbyiultaneousin situ
polymerisation and melt blending of solid dispensiGBT/SMI powder. Note that the
blends were prepared without any external force t#edmiscibility is due to the low
viscosities of both component and the potentiabbfl to be miscible with polyester. It
was found that at compositions in excess of 30 wif%MI the crystallisation of c-PBT

was suppressed which suggests miscibility occurred.
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The sign of miscibility in c-PBT/SMI blends is qugrted by the existence of a

single composition-dependent blend,. Moreover, the Flory-Huggins interaction

parameter f,,) which was calculated using the Flory-Huggins tigemodified by Nishi

and Wang show negative value indicating that c-PBRd SMI pairs are
thermodynamically miscible in the melt. It could deggested that the driving force for
miscibility between c-PBT and SMI is based primadh an interaction between carbonyl

groups and hydrogen bonding in the component palyme

A fracture surface investigation revealed thatighér c-PBT content (> 80 wt %)
small particles (which are believed to be crysed grow during simultaneousa situ
polymerisation of CBT and melt blending. This findiis consistent with the DSC result
where at 80/20 c-PBT/SMI, the c-PBT still has thmlity to crystallise in the blend
system. In contrast, at higher SMI (> 50 wt %) eontthese small particles disappeared
with increasing simultaneoun situ polymerisation of CBT and melt blending times. The
SEM micrographs for these samples show a homogemausstructure and do not show

phase separation.

The effect of the blend components (SMI) on theBd-Rquilibrium melting point
(T.;) and isothermal crystallisation kinetics were ailseestigated. Studies of th&
indicate that the presence of SMI content loweesTi of c-PBT. TheT, depression is

partial evidence that miscibility is achieved i thlend system. It may be attributed to the
reduced crystal size or imperfect crystals in thestalline lattice. It could be suggested

that the incorporation of SMI will encourage lessfpct c-PBT crystals.
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Crystallisation parameters such as half-lifg,(), composite rate constant §, and

Avrami exponent §) have been found to be sensitive to the crystdiia temperature

(T.) and blend compositions. Thg, was observed to decrease with an increase iii_the

and SMI content while values & decreased in this situation. Thevalues of the blends
indicate that heterogeneous nucleation of sphesrulitccurred and growth of spherulites
was between two-dimensional and three-dimensignahift in the crystallisation process
from regime Il to regime Il was observed with ieasing SMI content. The addition of
SMI in the c-PBT matrix showed that SMI had somleitdin effect on c-PBT where it
reduced the crystallisation rate of c-PBT. It iscabuggested that the second polymer
(SMI) might reside mainly in the interlamellar eterspherulitic regions of the crystalline

polymer and impede the crystallisation process.
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7.2 Recommendations for future work

Since cyclic polyester, i.e., c-PBT produced fromm (CBT) oligomers has
interesting properties and a promising future, éhsrstill a great deal of information that
needs to be ascertained in order to completely rstated the structure-property
relationships and the applications of the mateissdveral recommendations for future

interest can be made based on the three major aseaslined below;

= Polymerisation of CBT

The types of catalysts used in polymerisation of Glve been known to strongly
influence the types of polymerisation i.e. ring 0ijpg polymerisation or ring expansion
polymerisation, as well as the time required folypwrisation and polymer conversion
[34]. Therefore the exploration of new catalystsildobroaden the application range of
CBT. In this study, a cyclic catalyst i.e. stannoxavas used in the polymerisation of CBT
through ring-expansion polymerisation in order tooduce macrocyclic polyesters.
However, stannoxane was found have limitationsgit temperature. Therefore it is worth

exploring new cyclic catalysts which could initigteoduction of a macrocyclic polymer.

= c-PBT Blends

Since the c-PBT/SMI blends in this study only feadi®n their thermal behaviour
and isothermal crystallisation kinetics, it is saggd that the mechanical properties of the
resulted blends such as tensile strength, flexstedngth and impact strength also

interesting to study.
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Moreover, there is the possibility to form nano-gmsites by liquid-liquid phase
separation ofn situ blend formation by polymerising cyclic oligomersthe presence of
another polymer. Nachlis and co-workers [66] oetlthe key factors to produce nano-
composite structures from cyclic oligomers as;tlg initial mixture of cyclic oligomer
and polymer to be blended must be miscible, (& plolymerisation kinetic of the cyclic
oligomers dispersed through the host polymer mastbre rapid than the dynamics of
phase separation, (iii) phase separation of thgnpers must occur in a sensible timescale
to produce immiscible structures and (iv) phasersgrang must be restricted if the
nanostructures are to be preserved. Thereforesiiggested to investigate the potential of
CBT blends with polymers which comply with the cdimhs given by Nachlis and co-

workers in order to produce nano-composite.

= Crystallisation kinetics studies of c-PBT and its kends

In this study crystallisation kinetics study of gilde semi-crystalline/amorphous
blends were performed. It would be interestingrieestigate the effect of miscible semi-
crystalline blend component on the crystallisatbre-PBT. It is also suggested to expand
the crystallisation kinetic study of c-PBT and lilends to investigate the crystallisation

transition of regime based on Hoffman-Lauritzerotlye
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