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ABSTRACT

Biaxial orilentation of PET for the production of high strength films
for demanding applications, such as slot liners for electrical motors
and sound and audio visual tapes, is a well established process. More
recently bilaxial orientation of PET has been utilised for the
production of carbonated beverages, bottles and cans for processed
food packaging to achieve high strength and impact resistance. These
containers, however, are not suitable for hot £filling and high
tamperature sterilisation parposes owing to the lack of dimensional
stability.

Heat setting operations, which are well proven methods for fibres and
films, have also been proposed for bottles, but this operation
requires camplex and expensive machinery to prevent distortion of the
containers and to achieve the desired degree of control on dimensions.
Furthermore thermally induced crystallisation in heat setting
operations in areas where the amount of orientation is very small,
.such as the neck regions of the bottle, causes severe embrittlement
and the development of opacity.

This study was initiated, therefore, with the aim of establishing the
factors that affect the shrinkage of PET bottles when exposed to high
temperatures (particularly in the range 85-100°C) and to examine the
means by which the problem can be alleviated. Two approaches have been
used: model stretching experiments and evaluation of compatible
blends. Uniaxial and biaxial stretching experiments were carried out
oan PET sheets and samples were examined primarily by thermal analysis,
density measurements, shrinkage tests and microscopy.



The results have shown that the lowest shrinkage is obtained with
samples exhibiting a very low amount of residual crystallisability
after drawing, which is generally achieved at high draw temperatures.
Moreover it was discovered that biaxial stretching with additional
in plane distortions is very effective in decreasing the amount of
shrinkage taking place at high temperatures owing to the greater level
of crystallinity develé:sped in the stretching operation.

Blending PET with compatible high Tg amorphous polymers, such as
polycarbonate (PC) and polyarylate (PA) was not found to be an
effective method to improve dimensional stability. Increasing the Tg
of the polymer mixture with amorphous polymers has, in fact, the
opposite effect, owing to the lower level of crystallinity developed
duz;ing stretching. Mixing PET with the crystalline polymer,
polymetaxylene adipamide, which is incompatible but produces
transparent blends, on the other hand, reduces the level of shrinkage
considerably, particularly when the level of polymetaxylene adipamide
approaches 30%. This has been attributed to a mucleation effect which
increases the level of crystallinity during stretching.
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CHAPTER 1
INTRODUCTION

1.1 HISTORICAL DEVELOPMENT OF PET ORIENTED PRODUCTS

Polyethylene terephthalate (PET) is a well known comercial polymer
used for fibres, films and recently for food and beverage containers,

The discovery of polyethylene terephthalate as a fibre forming polymer
was made in Englard in 1941 by Whinfield and Dickéon, of the Calico
Printers Association Ltd. It was recognised at an early stage to be a
material of unusual interest, and developmental investigations on the
polymer and its fibres were undertaken first by British Goverrment
research laboratories and later by Imperial Chemical Industries. In
the early 1950s polyethylene terephthalate first appeared in
camercial quantities under the trademarks Terylens in the United
Kingdom and Dacron in the United States.

The technology of polyester fibre production is well documented [1,2].
Through a mmber of variations in the melt spinning, drawing, and
setting procedures, nuercus types of yarn are produced, which find
use in many industrial applications {(e.g. conweyor belting, filter
fabrics, laundry bags, webbing, tyre cords, sewing threads, ropes etc)
and particularly in blends with cotton, wool, linen, or rayon as

lightweight permanently pleatable fabrics [3].

Concurrently with its role as a fibrous material, polyethylene
terephthalate has came into use as a scurce of high-strength biaxially



drawn films (e.g. Melinex in the United Kingdom, Mylar in the United
States) which are noted for their high transparency, strength and
dimensional stability. These are used extensively for electrical
insulation, as bases for magnetic recording tapes and typewriter
ribbons, in decorative laminates and panelling and as a vacuum-

formable coating and packaging material.

In 1977, its use was extended to beverage bottles because of several
characteristics such as the ease of producing orientation, mechanical
strength, low permeability to (0,, transparency, non-toxic nature and
devoid of any effect on flavour [4]. The manufacturing procedure
mostly used to produce irrpact—resistance bottles from polyethylene
terephthalate is the stretch-blow moulding process, by which
rotationally symmetric containers with narrow as well as wide necks
are produced. This process is widely used because of its many
advantages [5-8]. It gives products of considerably better mechanical
and optical properties, and improved barrier properties against
permeation by gases and water vapour [9].

The stretch blow moulding technique is a two stage process. In the
first stage, the polymer is injection moulded into preforms. These
preforms are rapidly cquenched in mould cavities at a temperature of
5°C to 10°C to obtain a transparent product. In the second stage
these preforms are reheated and conditioned at an orientation
temperature between the Tg and the melting point, and are then
transferred to a stretch blow moulding machine, where a rod is
inserted into the preform to stretch and orient it axially and to

position it centrally in the mould. High pressure air is then



injected in two steps to expand the preform against the walls of the
mould, thereby providing orientation in the hoop direction.

Degradation during polymerisation and processing causes the formation
of =mall amounts of acetaldehyde. Copolymers are used to minimise
this drawback, while a newer process called compress-orient blow
moulding is also claimed to reduce acetaldehyde content [10]. The
polymer is- injected into the mould at low temperature and pressure. A
core is inserted to campress the polymer, causing it to flow and to
£i11 the cavity. These mild moulding conditions reduce the
acetaldehyde content by 50% because of less thermal degradation of
PET. The acetaldehyde content in the final bottle is an important
factor to consider as it must be kept below 6 ppm. Above this level
the acetaldehyde dimparts a fruity flavour to the contents of the
bottle and is not toxicologically safe. Polymers with minimum
acetaldehyde content can be prepared by conducting the final stages of
the polymerisation in the solid state, thereby minimising thermal
degradation and purging the acetaldehyde residues and other wvolatiles
fram the polymer.

1.2 BLENDS BASED ON PET

In recent years, PET blends have been a subject of great interest in
both industrial and University research laboratories. The advantages
of blending two polymers and the associated properties have been

summarised in a series of recent reviews [11-12].



Polymer blends can be characterised by their phase behaviour as being
either miscible or immiscible. Immiscible blends show multiple
amorphous phases. Each phase of a campletely immiscible blend contains
an essentially pure blend component whereas the phases of partially
immiscible blends will contain some of each material in the blend.
Finally, blends can also be found which are completely miscible and

have honly one amorphous phase [13].

One of the most important properties of polymer blends is their
mechanical behavicur., A compatible polymer blend exhibits mechanical
properties that are intermediate between those of the two components
[14]. In crystallisable polymer blends the mechanical behaviour is
affected by the properties of individual constituents, mode of
dispersion, degree of crystallinity, morphology and compatibility in
the amorphous state [15-16]. It is very rare to achieve compatibility
in the crystalline phase.

In general the mechanical, thermal, rheological and other properties
cof a polymer blend depends strongly on its state of miscibility.
Conceptually, this state is determined by the thermodynamics of the
interactions between the blend components which depend on their
chemical structures and stereo configurations.

Polyarylate (PA) and polycarbonate (PC) have a relatively high glass
transition temperature and are amorphous, while polyethylene
terephthalate (PET) has a semi-crystalline structure. All three
polymers have the ester groups in common, which may result in

interaction be'tween the similar chemical moieties. In recent studies



it has been reported that PET is miscible with PC for a wide
composition range [13-17,18-19] where the physical blends of PET and
PA are phase separated in their amorphous state irvolving a pure PET
phase and a mixed phase rich in PA.

However the ester exchange reactions can convert the immiscible blends
of PET to single-phase materials [20], for example blends of PET ard
PA which are initially imiscible, become single-phase mixtures during
melt processing, as determined by optical transparency and a single Tg
[21]. Similarly, immiscible mixtures of PET or PA with phenoxy are
converted to single-phase systems through ester exchange, these
systems, however, rapidly crosslink via the hydroxyl functionality of
the phenoxy at processing temperatures.

1.3 MEASUREMENT OF ORIENTATION

1.3.1 QOptical Anisotropy and Birefringence

The measurement of optical anisotropy is one of the simplest and most
used methods for studying orientation in polymers. It is based on the
principle that a given material has associated with it unique optical
properties that are determined by its polarisability [22]. Since
polarisability is related to the refractive index by the Lorenz-lLorenz

equation:

n2‘1=%-np (1)



where P is defined as aN, N being the number of molecules per unit
volume and of is the polarisability of the molecular unit having the
dimensions of wvolume. COrientation can, therefore, be assessed by
directly measuring two principal refractive indices, nll and n_|_, ard
calculating the difference [23]:

D, = nll -nl (2)
For the case of fibres, D, is the birefringence, n” being the
refractive index along the fibre axis, and n| the refractive index
perpendicular to the fibre axis as viewed through a cross-polarised
light.

This method requires the use of an immersion fluid [23] that matches
the refractive index of the fibre. As the matching fluids for highly
oriented synthetic fibres are often toxic, other methods are normally
used, such as the compensator and spectrophotometric methods.

The basic principle of the spectrophotometric method [24,25] is to
measure the distribution of intensity as a function of the wavelength
with a spectrophotometer and to campute the optical retardation of the
stretched sanmple. The experimental arrangement for this method is
that the monochromatic light transmitted from the analyser is measured
by a detector and compared with a referernce beam; the difference is
recorded on a chart. The birefringence is given by D, = m Am/h, where
m is the peak number, Am is the peak wavelength and h is the sample
thickness.



The comparator technique basically inwvolves [22] a known retardation
to nullify or compensate the retardation induced by the sample. This
anounts to placing a birefringent (anisotropic) material into the
light path, e.g. a wedge or plate of gquartz or calcite, which can be
rotated precisely by tilting it about an axis parallel to the plane of
the plate

Dn = R/t
where D, is the birefringence
£ = thickness and R is the retardation.

1.3.2 Wide Angle X-Ray Diffraction

Wide angle X-ray diffraction is amother technique which has been of
vital importance in the understanding of oriented polymers. UWhen a
crystalline polymer is oriented, the random circular diffraction
pattern transforms into a collection of defined arcs that are
correlated with a particular (hK1) plane that can be identified, based
on the crystal structure and Bragg relationship [22]. It follows that
the magnitude of the azimuthal spread (X/2) of these reflections is
indicative of the degree of orientation. The breadth, K, of the
reflection is related to crystal size and imperfection [26]. Also, the
locaticn of the reflection with respect to the sample axes indicates
the orientation of the crystallographic planes. In general, the
distribution of orientation is determined for a single (hKl) plane,
usually a (h00), (OKO) or (001) plane, if sufficient diffraction
exists, The data are then presented either in a pole figure or may be
used to determine the Herman's orientation function defined as:



£ _3cosz¢hK1,i—1
hK1,4 = >

wherecosztthliistheaverageanglethatthemnnaltothesetof
(hK1) planes makes with some specified ith axis, usually the principal
deformation direction of the sample [22].

The Herman's 'orientatim factor has been generalised by White and
Sprivell who found that it is more useful to represent orientation in
terms of planar or biaxial orientation factors:

B 2 2
fcl=2cJos¢cl:l-cos ¢Ccz-1
fB =20052¢ + cos?iC ., - 1
c2 c2 cl

defined in temms of angle ¢,, and ¢, between the polymer crystal axis
C, and machine, 1, ard transverse, 2, direction. The direction 3 is
taken normal to the surface of a film sheet or bottle [27]. For
uniaxial orientation in the machine direction, fil is unity and rfgz is
zero. For uniaxial orientation in the transverse direction, fEél is
zero and ng is unity. For balanced biaxial orientation f?:l ard f 5

are equal to 1/2.

1.3.3 Small Bngle X-ray Scattering

Small angle X-ray scattering (SAXS) is often used as a camplementary
method to wide angle X-ray diffraction to define the structure and
morphology of oriented crystalline polymers [22]. It is one of the
techniques used to study superstructural development in multiaxially
stretched products [28]. It is found [22], however, that there is an
inverse relationship between scattering angle ¢ and the ratio of the



size of the scattering structure to the wavelength of radiation which
is used. Consequently, the technique of small-angle X-ray scattering
is used for studies of structures of size 100-10000 A with X-rays of
wavelength of mui. The equation for scattering can be expressed in
termms of a reduced variable of the form

U* = C* (a/ %) sin (8/2)
where a is some dimensional parameter of the scattering structure. C*
is a constant characteristic of the experiment, being close to one.
Measurements are usually in the range of conwenient observation when

U* is of the order of unity.

1.4 AIMS OF THE INVESTIGATICN

Polyethylene terephthalate (PET) is widely used for the production of
biaxially stretched films in view of its high melting point, making
these particularly suitable for high temperature applications and
convenilence food packaging. In such cases the required dimension
stability at high temperatures is achieved by heat setting operations
which allow a small amount of relaxation while increasing the lewvel of
crystallinity in the film. The aim of this study is to provide a
method that makes it possible to enhance the dimension stability of
biaxially stretched PET products without the expedient of heat setting
operations, making it particularly useful for the production of
bottles and containers destined for hot-filling and high temperature
sterilisation of beverages and processed food. The overall objectives
of the study are to explore the possibility of achieving high
tamperature dimension stability by:



i)

i1)

The processing route using model stretching experiments. The
factors that affect the dimensiomal stability of PET bottles are
studied by simulating the expansion process with uniaxial and
biaxial stretching experiments from which we would deduce the
conditions leading to zero shrinkage.

The materials route_ using blends that produce transparent
products. This objective seeks to decrease shrinkage by blending
PET with campatible high Tg amcrphous polymers (polycarbonate-
polyarylate) and a semi-crystalline polyamide (polymetaxylene

.adipamide), which has received FDA approval for such products in

mixtures with PET.

10



CHAPTER 2
LITERATURE REVIEW

2.1 CRYSTALLISATION STUDIES ON POLY({ETHYLENE TEREPHTHALATE)

2.1.1 The Amorphous and Crystalline States
Crystallisation is a two stage process consisting of nucleation and

growth. In a quiescent state, once nuclei are formed, they develop
into crystals by chain folding, resulting in lamellar crystals, which
tend to organise themselves into larger entities called spherulites.
It i1s found experimentally [29] that under isothermal conditions the
radius of a spherulite increases linearly with time until different

spherulites begin to impinge on each other.

'I‘he' crystallisable nature of PET is well known [30]. By rapid
quenching from fhe melt it is possible to obtain a completely
amorphous polymer. If, on the other hand, it is allowed to cool slowly
1t crystallises to a degree of crystallisation that depends on the
cooling rate. Hence the morphology and percentage of crystallinity are
controlled by the processing conditions_.

2.1.2 Isothermal Crystallisation

The structural changes accanpanying the crystallisation process of PET
have often been investigated using differential scanning calorimetry

(DSC) and it has been found that when PET is crystallised under
different conditions, frequently it exhibits two endothermic fusion
peaks [31-32]. The main peak, peak I, 1is constant, while the second
peak, peak II, is only observed after heat treatments at temperatures

11



below the main melting peak. Initially peak II is small but, with
increasing crystallisation temperature or crystallisation time, it
increases in size and moves to higher temperature and merges with peak
I, which gradually decreases in size and eventually disappears
campletely. At present there are conflicting views about the origin
of these peaks. Bell and Murayama [33] have proposed that peak I is
associated with chain folded crystals and peak II with crystals
containing partially extended chains. Roberts [34], on the other hand,
has interpreted peak I as being due to bundle-like crystals and peak
II to chain folded crystals. Both authors tacitly assun‘ed that no
structural changes took place in temperature scans in a DSC apparatus.
On this basis, the melting peasks were assumed to be directly related
to the structure of the material at room tenperature prior to the
scan. These assumptions were proved later to be incorrect by various
authors [34-35]. Zachmann and Stuart [36] found, in particular, that
only imperfect crystallites were formed at low crystallisation
temperature. By subsequent heating to higher temperatures, the
perfection of the crystallites increased, often within very short
times, leading to the conclusion that the low temperature peak was due

to partial melting and recrystallisation.

Hughes and Sheldon [37] carried cut a DTA study on amorphous PET and
found that the apparent axea under the melting peak was significantly
larger than the apparent area under the exothermic crystallisation
peak. They suggested that the crystallisation peak was followed by a
continuous crystallisation process which was not detectable in the
thermogram baseline.

12



Bair [38] et al have shown conclusively that multiple melting peaks
observed in DSC thermcgrams of polyethylene single crystals are the
result of amnealing during scanning.

Finally Holdsworth and Tumer-Jdones {30] concluded that when amorphous
PET is heated in a scamning calorimeter, there is a crystallisation
process which converts the material into an assembly of imperfect
crystallites. This is revealed by a large excthermic peak. The peak
width suggests that crystallites with differing degrees of perfection
are formed. Also in the intermediate tamerature range there is a
continual increase in crystallinity. This is due primarily to an
increase in the average perfection of the crystallites by a continuous
melting and recrystallisation process, producing a gradual increase in
crystallinity which takes place over a wide temperature range and
making it undetectable in the DSC baseline.

When the temperature is sufficiently high, the crystallites that are
melting can no longer recrystallise and, therefore, give rise to a
broad endothermic melting peak.

According to Roberts [32] crystallisation of PET occurs most rapidly
in the temperature range 140-220°C with 50 per cent of the resulting
crystallinity developing in less than 30 seconds. The overall degree
of crystallinity achieved [39], however, depends on the amnealing
temperature and to attain the highest degree of crystallinity the
polymer has to be amnealed at temperai:ures approaching the melting
point.

13



The DSC analysis revealed that when PET is subject to heat treatments
above its glass transition temperature and below its melting point
(Tm) morphological changes occur which can be detected as an
additional fusion endotherm appearing at a tenperature (T'm) up to
40°C higher than the annealing temperature. The heat of fusion (4Hg')
and melting temperature peak of this additional endotherm increases
with treatment time at a particular temperature and with annealing
temperature for a fixed treatment time.

The morphological changes cccurring when partially crystalline
poly(ethylene terephthalate) is annealed have been studied by various
authors [40,41]. Petermamn and Rieck [41] showed that amnealing below
150°C leads to an increase in crystallite size and degree of
crystallinity, but a micellar structure is always observed. When
annealing is carried ocut above 180°C, on the other hand, the amorphous
regions between the side faces of the micellar blocks begin to
crystallise and large crystalline aggregates are formed without losing
their micellar characteristics. On the other hand Klement and Geill
[42] reported that thermal crystallisaticxﬂ of both uniaxially and
biaxially drawn PET occurs with the formation of coparse 200-500 ;
rnodular aggregates which, in turn, may consist of the 75-100 nodules,
detectable by electron microscopy. At amnealing temperatures above
180°C, lamellar fibrils are formed which are arranged perpendicular to
the draw direction in uniaxially drawn samples and at random in
biaxially drawn samples. The lamellar fibrils orientation in
uniaxially drawn PET is not unique and has been observed for many
polymers crystallised after being subjected to large uniaxial strains
[43].

14



2.1.3 Stress-Induced Crystallisation

Stress-induced crystallisation, also called strain-induced
crystallisation, differs from isothermal crystallisation by its
origin, kinetics and morphology.

Several studies have been made on induced crystallisation during
stretching of amorphous PET [43,44,45,40]. They all show that,
compared with isothermal crystallisation, the origin of the induced
crystallisation is related to an entropic effect due to the
orientation of the polymer chains. Baurvellec, Momnerie and Jarry [36]
reported that the initial orientation of the material and the ambient
temperature are the two parameters which control the kinetics of
strain-induced crystallisation, which is always much faster than for
the case of isothermal crystallisation of undrawn samples. For
example, at 120°C the half-time of the isothermal crystallisation of
PET is a few minutes, but it beccames less than 0.0ls in a strain-
induced crystallisation process at the same temperature [36].

According to Bragato and Gianatti [46], as the initial level of
orientation increases, the mechanism of crystallisation changes from a
ﬂmeedifnensimalgrwtty to a two dimensional one, and finally to a
one dimensional rod like growth at high levels of corientation.

The crystalline textures obtained by induced crystallisation have a

cammon feature, i.e. the crystallites are orlented contrary to the
crystallites obtained by isothermal crystallisation of isotropic

samples which are arranged into three dimensional spherulites.
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De Vries et al [43] found that stress-induced crystallisation strongly
depends on the stretching temperature as well as on the extensional
strain rate. The most appropriate temperature range for stress-
induced crystallisation to occur was foumd to be just above the glass-
transition region. Also the rate of deformation has to be much larger
than the reciprocal of the characteristic relaxation time of the
polymer network in order to avoid disorientation during stretching,
and the polymer has to be subsequently cooled to temperatures below

Tg.

Previous studies [47,48] have shown that PET films do not change
appreciably‘ in crystallinity until they hawve been stretched to, at
least, 150 per cent.

For PET bottles processed by the stretched blow moulding process
Spruiell [49] reported that relatively high bulk crystallinities are
produced, primarily due to stress-induced crystallisation resulting
from the highest stretch ratio and strain rates experienced in this

process.

The effects of chain branching on stress-induced crystallisation
phenomena have been studied and reported by a few authors [50,51].
Hennessey and Spatorice [51] reported that the extent of
crystallisation induced by stretching remains about the same, or
perhaps decreases slightly, as the amaxnt of branching increases in
PET. The amount of crystallinity increases somewhat as the stretching
temperature 1s increased for strains greater than >200%. The

development of crystallinity as sanples are drawn to variocus extents

16



does not appear to be strongly dependent on strain rate, at least in
the range of 54-267%.

Yeh and Geil [52,53] pointed out that a glassy PET material is
composed of a "ball-like" structure in which molecules are in
paracrystalline order, and that strain-induced crystallisation is
caused by rotation and aligmment of molecular chains resulting in an
increased perfection of the internal order of the paracrystalline
"ball-like" structure.

2.1.4 Measurements of Crystallinity

The measured crystallinity in oriented PET depends on the method
adopted and there is considerable confusion as to the type of
structures present [54]. Prevorsek et al [55,56], fram wide-angle X-
ray diffraction (WAXD), revealed the presence of both crystalline,
amorphous and an intermediate mesomorphic structures. The proportions
of the mesanorphic phase were determined from the intensities of the
diffraction peaks from the (110), (010) and (100) planes.

Cthers have put forward the concept of an oriented amorphous phase and .
random unoriented amorphous phase [57,58]. Each of these phases is an
idealised model and there will be regions of intermediate structure.
Each experimental technique, Mém, makes a separate assessment of
the relative abundance of the three phases, and gives a different

measure of the degree of crystallinity present in the sample.

Differential scamning calorimetry (DSC) has been used [59,60] widely
to assess the percentage crystallinity assuming aH ° = 32.5 cal/g for
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a 100 percent crystalline sample [61]. When a cold crystallisation
exotherm is found during the heating scan, the wvalue of the associated

heat of crystallisaticn, M, is subtracted from that for the heat of
fusion M, in order to calculate the crystalline weight fraction.

Sun énd Magill [62] reported that shrinkage, crystallisation and
melting can occur together during heating so that the crystallinity
egstimated by DSC for oriented materials has to be corrected by other
independent measurement techniques, such as density megsurements. For
this reason, density (d) is also widely used a a measure of the degree
of crystallinity (X) [40,63,64], determined by the relation

where the density of samples with 100% crystallinity, d,, is taken to
be equal to 1.457 g/an3 and the density for a 100% amorphous sample is
taken as d, = 1.335 g/cm> [65].

It is well known [66], however, that crystallinity can be
overestimated when it is calculated from the density measured on
oriented samples, owing to the increase in density of the amorphous
phase as a result of the orientation of the molecular chains. Ward
{67] showed that up to a level of amorphous orientation corresponding
to an orientation factor of 0.3, the density of the amorphous phase of
PET does not exceed 1.340, i.e. a variation of less than 0.3%, and can
be neglected for the determination of crystallinity.
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2.2 ORIENTATION AND SHRINKAGE

2.2.1 The Phenomena Related to the Amorphous and Crystalline Regions
Orientation in f£ilms and sheets can be produced in different ways,

most frequently by drawing and stretching [22]. In all cases
crientation is obtained by applying a large deformation in one or in
two perpendicular directions at a suitable temperature. When the
tenperature is too low, e.g. when the polymer is in the glassy state,
such deformations will generally lead to rupture and require
excessively high stresses. At too high temperatures, i.e. in the
viscous state, deformations can easily be applied but will not result
in molecular orientations because of rapid molecular relaxafion.
Suitable conditions are those where the relaxation rate is exceeded by
the rates of deformation and the sample is rapidly cooled. In such
cases, rubber elastic deformations occur and are frozen in as
molecular orientations [22]. For amorphous polymers this is the case
in a temperature range between _the glass-rubber transition point, Tg,
and a somewhat higher wvalue, depending on molecular weight.
Crystalline polymers above the melting point, T, may have a
temperature region in which a degree of permanent orientation can be
produced, but this again depends on relaxation rate relative to
drawing rate and cooling rate. In both these cases molecular weight
and distribution are important parameters since the relaxation time of
a polymer melt strongly increases with increasing chain length and
widening of the distribution. If crystalline polymers are stretched
below T, the type of orientation will depend on the morphology of the
polymer., Initially it was believed that criented polymers consisted of
a continuous amorphous phase surrou}xding dispersed crystalline
regions, 1.e. the so-called crystallites or frimged micelles [68)
concept. During deformation the amorphous part would orient as an
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amorphous bolymer and the crystalline regions would rotate and crient
in the direction of stretching. Since it is known that the
crystalline domains in spherulites are continuous [69] and usually
consist of folded molecules in lamellae, a different behaviour during
stretching is assumed. At very low temperatures the crystalline
lamellae are rigid and will, therefore, break up during drawing. Above
aoertaintarperah:reslippggeandtwﬁmingofthec:ystallineﬁmse
can occur and the molecules will orient themselves in the drawing
direction through rotations of the lamellae and finally causing the
unfolding of the molecules [70] to produce the so called chain
extended crystals.,

When oriented polymers are heated, they will try to regain their
original high entropy, hence shrinkage will occur as soon as the
molecules can move sufficiently to recoil to their original
dimensions. For amorphous polymers this will be the case when the
temperature exceeds the glass transition point, Tg. For crystalline
polymers the behaviour is more complicated. At any temperature above
the Tg of the amorphous phase, the coriented molecules in the amorphous
regions will txry to reach a higher entropy, but their coiling is
hindered by the crystalline material. With increasing temperature the
internal stresses in the amorphous regions are released and shrinkage
occurs as a result., Most of the shrinkage is observed near the
melting point, while above the melting point the orientation is lost
completely. The theory of orientation discussed above 1s based
primarily on deformation considerations and does not take into account
the crystallisation phenomena occurring during the development of
orientation, which 1s known as stress or strain-induced

crystallisation. PET is known to exhibit such phenomena [71,72].
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2.2.2 Molecular Orientation in Drawm Poly(ethylene Terephthalate)

The molecular orientation of poly(ethylene terephthalate) induced by
stretching has been used for many years for manufacturing polyester
fibres (lmiéxial crientation) [73,74,75], films [76,77] and bottles
[78,79] (biaxial orientation). The effect of draw ratio, temperature
and strain rate on the orientation produced upon drawing amorphous PET
have been well studied and widely reported [80,81,82]. Jabarin [83]
showed that the molecular orientation in PET is a function of at least

four independent but interrelated wvariables, namely amount of
extension, molecular weight, temperature of orilentation and stretch
rate. He found that the birefringence between the plane and thickness
direction of the samples stretched biaxially to equal draw ratio in
both directicns, increased with increasing amount of extension. For
unegual biaxial extension, the greatest birefringence wvalue occurs in
the direction of the greatest extension. He studlied the effect of
temperature, molecular weight, extension ratio and stretch rate, on
the amount of orientation by measuring the birefringence and found
that the birefringence decreases with increasing drawing temperature,
suggesting a decrease in molecular orientation. In the case of the
high molecular weight samples (I, = 0.7-0.8), the decrease in
birefringence with temperature is gradual for drawing temperatures up
to 90°C, but it is very steep when stretching is performed above 90°C.
In general, the higher the molecular weight the higher the stretching
temperature which can be used to achieve high levels of birefringence.

The effect of strain rate on birefringence was very significant at the
higher end of the drawing temperature range (i.e. above 120°C).

Nicolas et a1l [B4] studied the effects of orientation on the melting
of poly(ethylene terephthalate) and reported that during drawing, PET
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crystallises and that both the glass transition and crystallisation
exotherm no longer appear in the thermogram. Furthermore, DSC
measurements of the melting endotherm showed that orientation
progressively increases the temperature for the onset of the melting
process. The heat of fusion, on the other hand, was found to be
comparatively insensitive to draw ratio, while the relative height of
the melting endotherm increased to some extent with draw ratio and,
therefore, could be used as an Iindirect measure of orientation.
Samples with draw ratios greater than 3.5, which are difficult to
distinguish by wide-angle X-ray diffraction measurements, can be
distinguished, therefore from measurements of the height of the
melting peak. Although extensive work has been reported to explain
the mechanism of molecular orientation and the structure of oriented
PET drawn above the glass-transition temperature [71,85,86,87]
relatively little work has been done on oriented PET drawn below its
glass transition temperature [88,89].

It has been shown [90] that during cold drawing (orientation below Tg)
of pure polyethylene terephthalate at a temperature less than 70°C and
with a draw ratio = 5:1, silvery striations were frequently obtained
perpendicular to the direction of draw. This observation was explained
by the formation of microwvoids.

In the wide angle X-ray diffraction pattern of drawn PET [91],
reflections are often displaced, some up and some down, fram normal
layer line positions, this shows not only that the molecular chain
axes of crystals are tilted with respect to the draw axis, but also
that they are all tilted by about the same amount and in the same
direction with respect to the unit cell. Thus, some dJdefinite
crystallographic axis, which deviates slightly from the crystalline
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c-axis, is parallel! to the draw axis. This type of orientation is
known as the tilted orientation, and was first studied in FET by
Dinbenty, Bunn and Brown [91]. They reported that crystals in PET
fibres, drawn at 75°C and annealed at 210°C are tilted by about 5° in
such a precisely defined direction that the crystallographic (230)
plane remains vertical while the inclination of the (001) plane to the
draw axis increases.

Bomnant {92] explained that the tilt of PET crystals results from an
inclined layer structure with the molecular axis having opposite tilts
in the alternating crystalline and amorphous layers. He indicated
that the above mentioned (230) orlentation is realised when the
surface of the crystalline layer coincides with a crystallographic
plane such as (112) or (111).

There have been various studies on SAXS of uniaxially and biaxially
stretched PET films [93,94]. Two structural models have been proposed
to represent the superstructure of uniaxially oriented PET. A model by
Statbton and Goddard [93] which consists of parallel platelets stacked
one upon ancother and within each platelet individual crystallites are
arranged in a chessboard array in an amorphous matrix. The second
model by Fischer and Fakirov [95] suggests that crystallites are made
up of molecules staggered along (100) crystallographic planes. These
models were used to explain two-point and four-point SAXD pattemns
obtained from oriented PET films and fibres. These two- or four-point
[93,96,97] patterns are observed depending on the deformation levels,
amnealing conditions, and relative crientation of incident X-ray beam
with respect to major axes of the oriented samples.
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2.2.3 Thermal shrinkage of Oriented PET

The dimensional stability of oriented polymers is an important feature
in their application. During drawing chain corientation occurs and,
depending on drawing conditions, such orientation may-be - frozen in,
resulting in a thermodynamically unfavourable state for the amorphous
chains [98]. If the polymer is subsequently heated sbove the glass
transition temperature, Ty, the frozen-in orientation can be relaxed
and the polymer will shrink to a more favourable random conformation.

If external constraints are imposed on the sample to prevent
shrinkage, a force will dewvelop [99]. Parameters .such as time,
temperature, draw ratio, degree of orientation and crystallinity are
important factors affecting shrinkage.

There have been many investigations on thermal shrinkage and heat
setting of oriented PET [100-101]. In addition to molecular
disorientation, crystallisation may also ocour during shrinkage. The
mechanism of contraction is not well established and controversies
exist. For example, Statton et al [102] have proposed that
crystallisation by chain folding is a major mechanism during
shrinkage. Subsequently, however, it has been suggested that the
basic mechanism for dimensional changes involves relaxation of
orientation in the amorphous phase [103,104,105]. Infra-red
spectroscopy has shown that chain folding occurs only during the
actual crystallisation process, which may or may not be associated
with change in length. However, as noted by Wilson [104], this does
not imply that during shrinkage no crystallisation occurs before the
campletion of the disorientation of the amorphous phase. Heffelfinger
[106] has shown that the crystalline trans content does not change
during shrinkage at 100°C for a short pericd of time. In contrast, the
amorphous trans content markedly decreases. Consequently, the
mechanical and other physical properties are significantly changed.
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Several researchers [107-109] investigated the thermal shrinkage of
drawn PET using the statistical theory of rubber elasticity. The most
camplete study was done by Pinnock and Mexhard [108]. They found that
the optical and mechanical properties of amorphous PET filaments were
gimilar to those of rubber, but their work was performed on samples
which had a maximm effective draw ratio of 2:1. Above this value,
strain-induced crystallisation occurred.

Recent studies by Samels [110] and by Wilson [111] have shown that
semi-crystalline PET fibres can be treated as a two-phase system, and
that macroscopic shrinkage in PET fibres results from a disorientation
of the oriented amorphous regions. The shrinkage arising from the
recrystallisation by chain folding near the melting point of the
polymer was also significant [112]. Sun and Magill [113], on the
other hand, reported that shrinkage in oriented systems (crystalline
or amorphous) is exothermic and it is responsible for multiple melting
peaks observed in DSC measurements. In highly-oriented crystalline
polymers, shrinkage occurs simultanecusly with melting. For systems
with low to moderate draw ratio, shrinkage often occurs between Tg and
Tm, while criented amorphous samples show shrinkage at or above Tg.

2.4.2 Polyethylene Terephthalate/Polycarbonate Blends
Blending of poly(ethylene terephthalate) (PET) and bisphenol-A

polycarbonate (PC) has been studied extensively in recent years
[17,114,115,116]. Nassar et al [17] and Murff et al [114] have
studied PET/PC blends prepared by melt mixing, using thermal analysis
and mechanical testing. Huang and Wang [115] and Harrahall et al [116]
have also studied PET/PC blends by thennal analysis. Thermal analysis
of polymer blends has shown that a miscible polymer blend will exhibit
a single glass transition temperature (Tg) between the Tgs of the pure
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camponent [117,118] while for partially miscible systems the two Tgs
approach each other, but do not become identical [119-121].

Nassar et al [17] reported that blends of PC and PET that contain more
than 70% PET by weight form a single amorphous phase, whereas at lower
PET levels two amorphous phases exist. From dynamic mechanical tests
and thermal ar}alysis they concluded that, for PET-rich compositicons,
PC and PET are campletely miscible in the amorphous phase and show a
single Tg, whose location depends on the blend composition, whereas,
for PC-rich blends, two separate amorphous phases are observed. They
examined the crystallisation and melting behaviour of PET/PC blends
and found that T, (crystallisation temperature) initially increases as
PC is added to PET, which is what i;.sexpectedforkimticreasmsif
the PC were miscible with the PET. However, the peak crystallisation
" temperature, T., reaches a maximm at about 70% PET and then decreases
as more PC is added (but presumably will never go below the To value
for pure PET). This is another indication of the presence of two
phases where the two phases are c¢bserved. Interestingly, this maximum
occurs in the same composition region. Based on these observations
they concluded that the presence of PC greatly alters the
crystallisation behaviour of the PET but does not campletely prevent
its development. On the other hand they showed that T, (melting
temperature) decreases from the value observed for pure PET as PC is
added up to about 80% PET, after which it remains constant. This
decrease is of the order of 5-8°C [122], which is much lower than is
expected from crystal direction effects alone and is more consistent
with the interpretation that a small degree of interchange reactions
has occcurred producing random copolymer species. Murff et al [123]
reported that the mechanical properties of PET/PC do not show any
significant negative departures from additivity, which is typical of

many phase separated blends (i.e. exhibiting partial compatibility).
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R. Legras et al [124] have studied the mucleation of PET/PC by the use
of alkall metal salts of organic acids and fourd that PET and PC
undergo chain scission by reacting with the alkali metal salts,
forming polymeric species with ionic end groups. This chemical attack
has been confirmed by infra-red spectroscopy and it has been shown in
particular that the PET ionic chain ends are aggregated in the molten
polymer. It is believed that these aggregated ionic chain ends form
the true nucleating species of the crystallisation of PET. For the
casa of the PC salt system, the chemical attack of the carbonate
linkage is complicated by other reactions, leading to crosslinking and
loss of crystallisability of the polymer.

2.4.3 Poly{ethylene terephthalate)/Polyarylate Blends

Polyarylates based on bisphernol-A and a mixture of terephthalic and
isophthalic acid have become an important class of polymeric materials
for over two decades [125,126], in view of the attractive combination

of properties, such as high heat distortion temperature (185°C)
(resulting from the high Tg, i.e. 187°C), high toughness and retention
of mechanical property after long term ultra-violet (UV) exposure
[127,128,129]. The random distribution of terephthalate and
isophthalate units make this polymer completely amorphous. Blends of
polyarylates with other polymers have been mentioned in various
patents and several references in the literature. Polyarylates based
on bisphenol-A and tere-iscphthalate units were noted to be miscible
with bisphenol A polycarbonate by Mondragon et al [130]. Also binary
blends of poly(ethylene terephthalate) and polyarylate have been
claimed in several patents {131-133], while other data in the
literature suggest the possibility of miscible behaviour [134,135].
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Kimura, Salee and Porter [134] reported that physical blends of
polv(ethylene terephthalate) (PET) and polyarylate (PA) show two
amorphous phases; an essentially pure PET phase and a mixed phase rich
in PA. From DSC measurements the above authors showed that the %
crystallinity in the blend, normalised by its weight fraction, is
found to go to a maximum at about 25% PA content. Wide angle X-ray
diffraction measurements suggest that the sizes of PET crystals
decrease systematically with increased PA content. Therefore, the
rmumber of PET crystallites would also be the largest near 25% PA,
Transesterified blends of PET and PA, however, are ncn-crystallisable
and exhibit a single Tg between the wvalues of the two constituent
polyesters and little lower than the linear interpolated value.

On the other hand, Equizabel, Ugar, Cortazar and Irwin [135] reported
that blends of polyarylates/PET subjected to first DSC scan between
320°%K and 570°K showed only one melting peak corresponding to PET
fusion, at a temperature of 530°K, independently of the blend
camposition. In a second scan under identical conditions,i.e. up to
570°K, they observed that all the mixtures except 80:20 and 90:10
FA/PET exhibited a glass transition identical to that of the pure FET
polymer. This glass transition indicated that the amorphous blend is
camposed of two well distinct phases. They also found that all the
blends, again except those of 80/20 and 90/10 compositions, showed a
FET crystallisation peak in the second scan. The peak temperature was
practically independent of the camposition at low polyarylate ocontent
but it increased when the amount of PA was higher than 40%. In the
PET-rich composition a melting peak in the second scan was cbserved at
a temperature slightly lower than that encountered in the pure PET
(530°%K). |
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Robenson [21] concluded, however, that polyarylate/PET blends undergo
phase separation before ester exchange reactions but will exhibit a
single phase after ester exchange reaction. The addition of
polyarylate to PET leads to a decrease in crystallisation rate for PET
which is greater for miscible blends than for phase-separated blends.
An increase in the Tg of PET (as a result of the dilution by
polyarylate chains), and covalent bond formation (due to ester-
exchange between the constituents) are all contributory factors
leading to decreased crystallisation rates, as has been widely

documented in the literature on miscible polymer blends [136,137].

2.4.4 Phenoxy Blends

J. Mondragon et al [138] have studied the properties of melt-mixed
blends of polycarbonate with phenoxy, before and after intercharge
reactions by controlling the processing time. From dynamic mechanical
tests, they confirmed that both physical blends and reacted blends are
not completely miscible at all compositions., A displacement in Tg
values, however, was more clearly discemible in the case of reacted
mixtures. For phenoxy-rich compositions, a single phase occurs. The
exchange reactions resulted in a mechanical behaviour that showed both
a higher modulus and a greaterl tensile strength for the reacted
blends. '

With studies on polyarylate/phenoxy blends, on the other handd, Robeson
[21] demonstrated the potential for polymeric transesterifications
even with phase separated systems and that the uncrosslinked, phase
separated blendé of phenoxy and polyarylate are eventually transformed
into a single phase crosslinked blend at high temperatures. Similar
results were reported by Equizabal et al [135] for solution cast films
of phenoxy and polyarylate. Similar crosslinking reactions have been
noted for poly(ethylene terephthalate) and phenoxy [138].
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Cheunyg, Golovoy, Carter and Van Oene [139] showed that when semi-
crystalline polyesters are used as one of the ingredients of a blend,
the ester-interchanged products may not crystallise. They concluded
that the addition of an organophosphite to a PET/PA/PC ternary blend
effectively retards ester-exchange. reaction when the extrusion
temperature is up to 280°C. (The criterion used for stability was the
retention of crystallinity of the polyethylene terephthalate phase).

Above 280°C and up to 300°C, the addition of both argancphosphite and
carbodimide produces a system which is stable with.regard to the
melting point and the heat of fusion of PET. Inccorporation of a
hindered phenol as a third stabiliser allows an extrusion temperature
of 325°C.
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CHAPTER 3
MATERIALS AND EQUIPMENT

The purpose of this section is to describe the raw materials and
equipment used in this investigation.

3.1 MATERIALS

To study the factors affecting the shrinkage of PET bottles when
exposed to high temperatures two aspects were studied:

a) stretching behaviour by model experiments, and

b) evaluation of campatible blends.

For the stretching experiments, nucleated and non-nucleated PET
sheets, supplied by Enichem, were used. These sheects were made in the
carpany using a chilled-rolls extrusion line. The data supplied with
the sheets are shown in Table 3.1.

TABLE 3.1: SHEETS SPECIFICATION

Materials I.V. Ty Tc Tm

Nucleating Agent
(°cy (o)  (®o)

Non-rnucleated

PET ts 0.74 75 145.34 251.92 None
Nucleated PET 0.8 75 130.85 250.92 Na Montanate
sheets (1) (0.5%)
Nucleated PET 0.8 75 137.38 252,18 Ca-Montanate
sheets (2) . (0.5%)
I.V. = Intrinsic viscosity Tc = Cold crystallisation
Tg = Glass transition temperature temperature

Tm = Melting temperature



The first logical choice of blends was the use of compatible polymers
exhibiting a higher Tg than the base PET polymer. Therefore, blends
with high Tg amorphous polymers were investigated first. The amount
of residual crystallinity in the polymer after moulding and after
drawing was considered to be the predominant factor underlying high
temperature shrinkage. In a second stage the use of mucleating agent
ard stabllisers as well as blends with semi-crystalline polymers were
investigated.

For the preparation of the different blends, the materials used and
. their characteristics are given in Table 3.2.

TABLE 3.2: MATERIALS SPECIFICATION

Materials Grade Comparyy Tg Tm
(°c) (°c)
Poly(ethylene terephthalate) Bottle Enichem 75 251
PET
Polycarbonate (PC) Lexan BASF 145 -
161
Polyarylate (Par) 2Ardel Amoco 185 -
100
Fhenoxy (PH) PKHH Union 85 -
Carbide
Polyamide-MXD6 (N-MX) Nyref Unitika 80 245
Sodium benzoate (NaB) - Aldrich - >300
Irgancx 1010 (Irg) BS61 Ciba - 185
Geigy
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a) Poly(ethylensterephthalate) (PET):
—_ \
~{-°—'.=.-© (§o-tHe—GHe
0

b) Polycarbonate: his-phenol A polycarbonate

cHa

¢) Fhenoxy: polyhydroxy ether of bisphenol A

0H3 OIH
—‘(—<: >_-'!|:_—< :>—~O—GHZ—CH—(:H2__.O}
CH'3 n

d) Polyarylate: arcmatic polyester based on mixed terephthalic and
isophthalic acid.

L OO

e} MXD6: crystalline polyamide resin, polymetaxylene adipamide:

~(NH - GHy~<_)~CH, - NHOO - CjHg - @),

f) Irganox B56l: stabiliser - mixture of Irgafox 168/Irganox 1010 -
4:1.
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g) Irgafox 168: txris-(2,4-di-tert,butylphenyl )phosphite

(G{3)3 C- - 0 - )3 P
C(CHg)3
h) Irganox 1010: Pentaerythrityl-tetrakis[3-(3, 5-di~-ter-butyl-4-
hydroxypheryl )-propionate] .
C(CH3)p

Ho - - o fop - g-o-ap -, -

c(@iz)2

3.2 EQUIPMENT

a) Monoaxial Stretching Experiments

For monoaxial stretching experiments, the equipment used was a J.J.
Lloyd Type T5002 tensile tester fitted with a thermostatically
controlled conditioning chamber.

b) Biaxial Stretching Experiments

For biaxial stretching experiments the egquipment used was an Instron
tensile machine equipped with an Amstrad PC 1512DD camputer and fitted
with a thermostatically controlled conditioning chamber. A purpose
built biaxial stretching jig was used, fitted with a device which
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converted the vertical movement of the jaws into biaxial drawing of
small sheet (see Figure 3.1).

c) Blendiryy and Specimen Preparation

All the blends were prepared in a laboratory model twin screw
compounding extruder APV (MP2000) equipped with a water bath, grinder
and a dehumidifier.

The technical specification of the twin screw extruder is given in
Table 3.3:

TABLE 3.3: TECHNICAL SPECIFICATIONS OF THE APV (MP2000)

Length: diameter ratio _ 15/1
Drive power, Kw 7.5
Maximum screw speed (xpm) 500
Barrel diameter (mm) 28
Number of temperature control zones 6

Mixing segments gecmetry

All the mouldings were prepared on a Bipel 1301 injection moulding
machine operated with a chiller to cool the mould to 5°C.
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After bilaxially drawing

FIGURE 3.1: BIAXTAL STRETCHING JIG

(a) Biaxial Drawing Without In-Plane Distortion
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After biaxially drawing

(b) Biaxial Drawing with In-Plane Distortion
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The equipment used for evaluation purposes were:

a)

b)

Differential scarming calorimeter (DSC):

A Du Pont Instruments Model 2000 was used. It consists of a
constantan dist fram which heat is transferred to the sample and
reference ;;osition. The sample which may vary in weight frem 0.1
mg to 25 mg is placed in small aluminium pan (with 1id); a
similar pan and 1id is normally used as a control. The sample
holders can be cooled or heated at various fixed rates (from
0.5°C/min to 50°C/min) in an atmosphere of nitrogen. In the
course of an experiment even a slight change in heat content of
the sample produces a high voltage ocutput, This means that when
some thermal transition takes place in the sample, the
differential heat is monitored. This difference in heat flow per
unit of time is recorded as a function of the temperature or
time. Moreover this equipment is attached 4o a camputer that
calculates Tg values, T values, T, values as well as the heat of

crystallisation (DH,) and/or heat of fusion (DHg) of the sample.

Density colum:

The density colum used in this study was a Davenport apparatus,
Serial No DMA 718M75. This equipment employs the density
gradient colum principle for determining densities, as described
in many papers (40,63,64) and as specified in the standard method
of BS 2782-508, BS 3715 and ASTM D.1550. The general arrangement
is that six density gradient colum tubes are contained in a
thermostatically controlled water jacket, which is supported on
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c)

d)

the base ledge of the apparatué cabinet. The column tubes
themselves are not graduated and the positions of the marker
floats and the specimens are read by means of a specially
designed cathetometer mounted on the cabinet., The top of the
cabinet is used to support the filling column and sweeping
equipment.

Dynamic Mechanical Analyser (DMA)

The equipment used for DMA tests was a Du Pont Instruments, Model
2000. The sample is clamped between the ends of two parallel
arms, which are mounted on low-force flexural pivots allowing
reciprocating motions in the horizontal plane. The distance
between the amms is adjustable by means of a precision mechanical
slide to accamodate the sample length. An electromagnetic motor
attached to one arm drives the arm/sample to a selected
amplitude, normally 0.5 mm. As the arm/sample is displaced, the
sample undergoes a flexural deformation.

A linear variable differential transformer (IVDT) mounted on the
motorised arm, measures the sample's response (i.e. deflection
and frequency) to the applied force, and provides a feedback
control to the motor. The sample was positioned in a
temperature-controlled chamber containing a radiant heater which
provides convective heating of the sample.

Spectrophotometer:

A Beckman Acta MVII spectrophotometer was used to measure the
birefringence of drawn samples. The experimental arrangement is
shown schematically in Figure 3.2. [24].
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A single sample is placed in a polarised light field in the
sample chanber of the spectrocphotometer. The monochromatic light
transmitted from the analyser is measured by a detector and
campared with a reference beam, and the difference is recorded on
a  chart. As the wavelength of the polarised incident light is
changed, the intensity-wavelength chart permits calculation of

birefringence.
SPECTROPHOTOMETR]C METHOD Reference detector.
Neutral density : Somple detector. %
filter,
iyl o 74 13-
s
’ L~ Y A As M f l

.// : po )
]Annlyzer. A
\ .
v Fiber. = : !

| Axis of Polarizotion,
b L Polarizer. 45° to fiber.

Inlansily

ro0c B 6000 L so00 £
Beam splitier.
— wovelength, A
L 4
Monochromatic light source,

Beckmon Spectrophotometer, mAg®band

FIGURE 3.2: Experimental arrangement of a spectrophotometric method
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CHAPTER 4
EXPERIMENTAL

The purpose of this section is to:

i} examine the draw ratio and shrinkage in various parts.of the PET
bottles which are produced by Inca International, so that these
cq;ldbecanparedwiﬂuthoseobtairmd from PET samples drawn on
the laboratory jig.

11) describe the experimental procedures used in this investigation.

4.1 EXAMINATION OF THE DRAW RATIOS AND SHRINKAGE OF PET BOTTLES

PRODUCED BY INCA INTERNATIONAL (a subsidiary of Enichem):

10 mm square grids were drawn on the preform shown below (Figure 4.1)

and then sent back to the caompany to be blown into bottles on the Inca
production line (see Figure 4.1).




- The draw ratios
in the longitudinal and hoop directions were calculated as follows:

A, = LF
Ly
where A; = draw ratic in the longitudinal direction
Lp = final length
L; = initial length
Wp
A = —
h
Wy
where Ay = draw ratio in the hoop direction
Wp = final width
Wy = initial width.

Shrinkage measurements in boiling water and in water at 85°C were also

carried out on:

a) Non-annealed samples taken from the middle (Region A) and the top
(Region B) of the bottles (see Figure 4.1).

b) Samples amnealed at 100°C and 180°C for 30 secs (see later for
details of annealing operation).

To camplete the examination of the bottles, DSC measurements were
carried out on samples taken fram the preform, the top (region B) and
the middle (region A) of the bottles. The glass transition
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tenperature (Tg), the cold crystallisation temperature (Tc), the heat
of crystallisation (AHc), the melting temperature (Tm) and the heat of
fusion (AHf) were measured from the DSC traces. The conditions used
were 20°C/min heating ramp, and 10 mg sample
weight (See Table 5.12 for DSC resuits).

4.2 S'I'REI'CH]NGE!PERDE‘N‘I‘SWPEI‘SHEEI‘S

To study the parameters that affect the high temperature dimensional
stability of PET bbttles, it was necessary to simulate the expansion
.process using both uniaxial and biaxial stretching experiments on PET
sheets. Since uniaxial stretching experiments are a lot easier to
perform than biaxial stretching experiments, preliminary work on
uniaxial stretching experiments were carried out in order to £ind out
(if existent) the relationship between the two experiments.

4.2.1 Uniaxial Stretching

Dumb-bell shaped specimens were cut from the roll of PET sheets
(BsS2782 Part 3 Method 302A). The gauge length of these specimens was
30 mm while the width was 4 mm. The thickness of the samples used was
0.8 mm for the thick sheets and 0.4 mm for the thin sheets.

Uniaxial stretching experiments were carried ocut at a grip separation
of 200 mm/min on the J.J. Lloyd machine and at preset temperatures of
60°c, 80°%c, 90°c, 100°%c, 125°C and 150°C on non-nucleated PET thick
(0.8 m thickness) and thin (0.4 mm) sheets.
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Note that prior to stretching a small piece from PET sheet from the
roll was observed between cross polars anxd found to be free of any
extrusion orientation.

at 150°C the nucleated samples showed considerable crystallisation,
making the samples unstretchable and, therefore, only four drawing
temperatures, i.e. 80°C, 90°C, 100°C and 125°C were used in this case.

The specimens were preheated for 3 mins in the heating chamber of the
machine, stretched at three different draw ratios i.e. 2:1, 3:1 and
4:1 and then quenched with a wet cloth before being removed from the
clamps. To study the effect of stretching rate on high temperature
shrinkage, a crosshead speed of 500 mm/min was also studied using
samples from non-nucleated PET sheets of 0.8 mm thickness at three
different temperatures of 80°C, 90° and 100°C, at verious draw ratios
up to 6:1.

4.2.2 Biaxial Stretching

Specimens for biaxial  stretching experiments were cut into 6 om
squares from the original sheets and the edges shaped at low
temperature i.e. at 75°C for 2 mins in an hydraulic press so that they
- could be effectively gripped in the jaws of the stretching jig.

a) Biaxial stretching without in plane distortion

For balanced biaxial drawing experiments the following specimens
were used:
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1. Specimens for draw ratio of 2:1.
2. Specimens for draw ratio of 3.5:1.

Biaxial stretching experiments were carried cut cn the Instron machine
at temperatures of 80°C, 90°C, 100°C and 110°C using both nucleated

and non-nucleated PET thick sheets (800/u,m).

Two biaxial draw ratios, 2:1 and 3:1 (equal draw ratios in
longitudinal and transverse directions) were used, approximately

representing the range of draw ratios in the bottles, i.e. 2:1 at the

top and 3.5:1 in the middle.

Each sample was preheated for 3 mins _before being stretched at a
crosshead speed of 200 mm/min and then cooled with a wet cloth before

being removed from the jaws.
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Following the same procedure, biaxial stretching experiments were also

 carried out on all the blends shown in Table 3.4, with an overall draw
ratio of ‘3.5:1 in each direction, and at temperatures of 80°C, 90°C,
100°C, and 125°C for injection moulded plaques.

b) Biaxial stretching with in plane distortion

Following the discovery of lower shrinkage at the edges of the
biaxially drawn samples (shear regions), biaxial stretching
experiments with varying amounts of in plane distortions were also
investigated.

To obtain in plane distortions using the biaxial stretching apparatus
in Figure 3.1(b), the following specimen geametries were investigated
by stretching the samples along the axes indicated.
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Experiments by biaxial stretching with in plane distortions were
carried out on the Instron machine at three different temperatures of
80°C, 90°C and 100°C, using an axial draw ratio of 2:1 in both
directions. Each sample was preheated for 3 mins and then stretched
at 200 mm/min.

4.2.3 Theoretical Considerations for Biaxial Drawing with In-plane

Distortion (this will be referred to as in plane shear
deformations through the remainder of the text).

1. Definition of draw ratios and shear angles in biaxial
stretching with in-plane shear, referred to as complex in-
plane shear. Applicable to flat (sheet or £film) and
cylindrical (tubular) products [149].

Y}
—~=7
-~
\L - A
- /e_' // E
- x :
Lj{‘\____.........r.f‘-.-......}..... //
//§ ; / :
La ’I : g / i
// 2| ; / g
/ NN VOeT :
"ﬂ‘../..............'.._:_.._..,"--"“" e’: :
e T W X Wy
Wi Wo 4 X
L.
a) Axial draw ratio in the y direction: ;\;I'( = L_f
o

where T, = ZE(1) * Lg(z) - Lf0)

b) Axial draw ratio in the x direction: )T = Af

where g = S£(1) * W§(2) - We(0)
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d)

e)

£)

gl

h)

Area expansion ratio: A, = = AT, 2

AT T
Average axial draw ratio: Agv = _’i‘._§_¥ = /);

Shear draw ratio relative to the y direction:

A§=secFy=|/1+tan2'B'y

where 8y = QLL"'EQ.:X (average angle of shear for the y
direction)

Shear draw ratio relative to the x direction:

A§=sec€x=/1+tan23x

elx + ellx

where 6x =
2

(average angle of shear for the y

direction)
Total angle of shear 6 = &x + oy

Total shear draw ratio AS = A 38; +28
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2. Definition of draw ratics and shear angles in biaxial
stretching with in-plane shear, referred to as simple in-

plane shear.
Yl
L ——
A/ K
/ I II
/
Lo / I I
7 ! I
S %
-—a-.g"'/ : \ﬁa"E*’
t]/\\ : / I
/ E [
Wo o Wi Wey Wiy X

a) Axial draw ratio in the y direction: AL = Lf

b) Axial draw ratio in the x direction: A;T{ = Ef_

Wo
where Wy = ~£(1) * Wg(z) (%))
c) Area expansion ratio: 1, = Oggi;a?ri?ea = Ax. J\;I;

. AT (AT
d) Average axial draw ratio: Agv = _"_2_1 = VAp
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e)

£)

g)

h)

Shear draw ratio relative to the y direction:

A§=sec-9-y= '/1+tan23y

where Fy = _9_'Y_12i¥ (average angle of

direction)
Shear draw ratio relative to the x direction:

Total angle of shear 6 = by

Total shear draw ratio AS = Ag
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3. Calculation of the draw ratio in the middle and the total
extension ratio in the edge (shear region)

( )

\ y
3T (central = V A_z; ; 3 - A"

i {corner A
region) i
region)
S _ e lx + e nx
Rx = sec ( > )
s _ aly + BI!Y
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J\S + AS
3° - Xy
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Calculation of the draw ratio in the middle and the total
shear extension ratio at the edge (shear region)

N /
A\e » d
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PR

/N

TT YA, 3T /2
(central a ' {corner A
_ section) section)
-_— -— ¥ " - ' — — 1 .
Ai = sec Gx-’where 0x = B_X%M : As = sec Qy; where 0y = G_z___;_u
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N
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5. Calculation of the shear extensicn ratio for geometry of Gl
jig {(high rotations/snall distortions)
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Calculation of the shear extension ratio £ eomea
Jig (1ow rotations/large Gistortions) e oY of &2
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4.2.4 Considerations of Biaxial Drawing Stresses

Balanced Biaxial Extension Biaxial extension with in-plane
distorbicms(ez jig )

x and y are drawing direction, 1 and 2 are directions of principal
stresses[ldﬁ_-_l.

For balanced biaxial extension the direction of the principal stresses
in the plane of the sheet coincide with the direction of drawing
operation. When samples of the sheet » : are drawn in
the G2 jig, the axes of the principal stresses rotate and no 1mgé.r
coincide with the drawing direction and, therefore, a square section
in the original sheet becomes distorted. Since distortions are
normally associated with shear, for identification purposes, this type
of drawing process has been referred to as biaxial stretching with in-

plane shear.
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In the case of large deformations Hocke's law no longer applies and
strains have to be redefined in terms of extension ratios. While the
relationships between stresses and strains are well understood for the
case of highly elastic deformations (linear types), this is not so for
the case in question. The deformations are, in fact, nearer to plastic

deformations which, depending on temperature, may have strain

sdftening or strain hardening features

The relationships between stresses and extension ratios for these
types of deformations are not clearly understood. Hence it is
difficult to describe accurately the deformations in terms of
principal strains and shear strains. The fact that these types of
deformations result in drawn samples exhibiting very low shrinkage,
which has been associated with the development of a higher level of
crystallinity (see 1ater§, it is more important to consider the
molecular dynamics of the process than the stresses/strains
relaticnships which are based on the assumption that the material is a
continmuum.

The mechanism which is responsible for the increased level of
crystallinity in the samples as a result of distortions on a
macroscale cannot be deduced from the tests carried out and ©  is
considered to be outside the scope of this study.
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4.3 PREPARATION OF BLENDS
Blending PET with the glassy and semi-crystalline polymers listed in
Table 3.2, was the second approach used as a possible means of

decreasing the shrinkage of drawn PET based products.

4.3.1 Drying Method

All the materials used in the specified blends, are hygroscopic, hence
any water absorbed has to be removed before melt processing in order
to prevent hydrolytic degradation.

Drying the materials i1s relatively simple but virgin polymers or
reground blends must be dried to less than 0.02% moisture and kept
below this level for processing. In this study the drying conditions
for each polymer were as follows:

PET, PA, PC and MXD6 were dried in an oven at 120°C for 8 hrs and then
stored in the oven at 95°C until ready for processing. After tumbling
the granules together, each blend was left for 1 hr at 120°C in the
dehumidifier of the twin screw extruder.

The phenoxy polymer was dried under vacuum at 60°C for 12 hrs, i.e.
below the Tg of the polymer to prevent the granules sticking together.

4.3.2 Melt Blending Operating Procedure
All the blends were prepared by melt mixing in the twin screw extruder

using the following conditions. Dried pellets of PET and the other
materials were tumble blended to the desired camposition before being
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mixedintheextruderandeachblendwasextzudedaslacesinawater

bath and pelletised. The temperature profile was:

feed zone 245°C,

mixing zone 270°C, metering zone 285°C and die temperature 290°C. The

speed was 250 rpm.

The screw configuration used was as follows:

Camel 2.5D Thin 4 x 90°
Die | Back Feed Orifice | Mixing
Discharge | Screws | Plugs Paddles

6 x 60°

Paddles

The formulations prepared are shown in Table 4.1.

58

6D

Feed Feed



TABLE 4.1: Detailed formulations of PET blends

Materials
PET PC Par PH MXD6 NaB,, Irgancx
B561
Formulations

Fl 100 - - - - - -
F2 95 4 - 1 - -
F3 95 - 4 1 - - -
F4 95 - - 4.9 - 0.1

F5 80 16 - 4 - - -
F6 80 20 - - - - -
F7 80 - 20 - - -

F8 80 - 16 4 - - -
F9 80 10 10 - - - -
F10 80 8 8 4 - - -
Fl1 80 - 18 2 - - -
F12 80 - 18 2 - 0.2 1
F13 70 - 30 - - - -
Fl4 70 30 - - - - -
F15 70 - 30 - - 0.2 1
F16 70 - 28 2 - - -
F17 g0 - 28 2 - 0.2 1
F18 80 - - 2 18 - -
F19 80 - - - 20 - -
F20 70 - - - 30 - -
F21 - - - 100 -

The hypotheses behind the choice of these formulations are as follows:

a) The Tg of PET is increased by using high Tg amorphous materials
such as PC and Par which are campatible with PET.

b) Phenoxy can react with both PET, PC and PA, however it oould
increase the compatibility of PET/PC and PET/Par blends, or

¢) In order to maintain the crystalline nature of PET in PET/Par
blends, it was necessary to inhibit the ester-exchange reaction.
For that purpose 1% of stabiliser (organophosphate) BS561 and 0.2%
NaB were iIncorporated into the blends).

The crystalline (MXD6) polymer has been chosen to maintain a high

level of crystallinity in the product. (See Chapter 5, Section
5.3, for the details of why compositions were selected).
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4.4 PREPARATION OF SPECIMENS FROM BLENDS

4.4.1 Injection Moulding of Plaques
Dried pellets of the different blends were injection moulded into

nominally 1 mm thick, 75 mm wide and 125 mm long plagques {(see Figure
4.3) using the Bipel injection moulder at a barrel temperature of
285°C. To prevent PET in the blend crystallising during moulding a
chiller was used to keep the mould at very low temperature (i.e. 5°C),
using a cycle time of 60s.

FIGURE 4.3: Injection Moulded Plaque
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4.4.2 Preparation of Specimens for Biaxial Stretching Experiments

Before the preparation of specimens for biaxial stretching

experiments, the injection moulded plagques were examined optically
using polarised light in order to determine whether any substantial
amount of orientation is present in the moulded samples. These
observations have proved that there is some orientation in the flow
direction but based cn shrinkage measurements done on the samples,
theée were proved to have zero shrinkage.

From the injection moulded plaque samples for biaxial stretching were
prepared by pressing 6 om square sections at 75°C for 2 min in the
hydraulic press to produce the required shape in the gripping areas
and prevent slippage. Due to a problem of stress concentration at the
edge of the sample, the corners were then cut off as shown in Figure
4.4. CGrids 5 mm square were then scribed on the specimens with a
permanent ink pen.

g

d.e.mpiug_

FIGURE 4.4
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4.5 EVALUATION OF DRAWN SPECIMENS

4.5.1 &hrinkage Tests

Knowing that for hot filling applications and sterilisation purposes
PET bottles will be exposed to high temperatures, particularly in the
range of 85°C-100°C, shrinkage tests were carried out at these two
particular temperatures for 2 mins. 'I‘his.was considered to be the
longest time the bottles would be exposed in the applications
mentioned above.

Fram the uniaxially stretched samples, 40 mm length strips were cut
off and then immersed in water at 85°C and 100°C respectively for a
period of 2 mins. High shrinkage temperatures (i.e. 120°C and 150°C)
were also used in order to understand the relationship between drawing
temperature and shrinkage temperature and how these affect the
percentage shrinkage for moncaxlally drawn specimens. In the latter
case, samples were immersed in an oil bath of 120°C and 150°C for 2

mins.

The percentage shrinkage for monoaxially drawn specimens was

calculated as follows:

- L
% Shrinkage = “+ ~ “f ¥ 100
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where Ly = length before shrinkage

length after shrinkage.

Le
For the biaxially stretched samples shrinkage tests were carried out
also in boiling water and in water at 85°C for 2 mins. The samples
were taken from the middle (2 em x 2 an square) and the shear region
(see Section 4.2.3 (3 and 4)) of the of the bilaxial stretched
specinens.and the percentage shrinkage was calculated as follows.

Ar - As x 100
Ay

]

% Area Shrinkage

Af
(1 E) x 100

where A, = area before shrinkage

Ar = area after shrinkage.

Therefore % linear shrinkage (1 - Vi) x 100.

Wl'le:reAA=

4
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4.5.2 DSC Analysis

DSC measurements were carried out on the Du Pont 2000 Thermal Analysis
Instruments machine taking (a) unaxially stretched samples showing
respectively maximum and minimum shrinkage, (b) biaxially drawn
- samples, (c) samples fram the shear regions of the biaxially drawn
samples, and (d) those cbtained from combined extension and shear
experiments. The temperature range used was 40°C-280°C with a nitrogen
atmosphere and an empty capsule as reference. Sample weights were
varied from 6 to 15 mg and the heating rate was kept constant at
20°C/min,

In most cases, however, in order to determine the effect of heating
rate AH (crystallisation) and on the crystallisation temperature (T.),
some experiments were also carried out at heating rates of 5°C/min,
10°%C/min and 15°C/min using the uniaxial stretched samples drawn at
80°C (minimum shrinkage) and 100°C (maximum shrinkage) for DR = 4:1.

DSC tests were also carried out on all the blends at a heating rate of
20°C using samples from the extruded pellets, injection moulded
plaques, and biaxial stretched specimens.

The thermal analysis data such as T., Tm,N{candAHmweremeasuredand

a typical trace of the thermogram cobtained is illustrated in Figure
4.5.
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sample: PET SHEETS File: ZF.30
Size; 11.7000 mg D S C Cperator: Z.FEKKAT

Method: PET Run Date: 4-0ct-89 10:08
Cngm:nt: 0.7 MM SHEET

145.34°C
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o
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Temperature (°C) General V4.0D0 DuPont 2000

FIGURE 4.5: DSC Trace of PET Amorphous Sheet

To assess the effect of the level of crystallinity before and after
stretching on the resulting shrinkage, the percentage of crystallinity
initially present in the sample was calculated for all the sanples,
assuming AHg = 32.5 cal/g for the pure PET crystal [61].

% crystallinity in the sample = -ﬂ% x 100

where Mg
o AHC

heat of fusion

heat of crystallisation from cold
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4.5.3 Density Measurements

Density measurements were carried out at 25°C using a Davenport
density gradient colum filled with an aguecus solution of calcium
nitrate. Known density floats were used to calibrate the colum: the
calibration graphs are given in Appendix A, Figures A, and A,.

Density measurements were carried out on samples taken from uniaxially
drawn PET using a density range of 1.3400-1.390 and also on PET/MXD6
(70/30) blends (i.e. the blend exhibiting very low shrinkage) using a
density range of 1.290-1.3420.

Five mm strips were cut off from the moncaxially drawn PET samples and
2.5 mm squares were cut off from the biaxially drawn PET/MXD6 (70/30)
bleﬁds samples. The chosen floats and samples were cleaned with soapy
water and then with acetone to remove any dirt or grease
contamination, After that these were wetted with a little of the high
density solution before being placed in the basket of the sweep and
then in the colum (see Chapter 2, Section 2.1.4 for the equations
used to calculate the percentage of crystallinity from density).

4.5.4 Scanning Electron Microscopy
To study the morphology of the different blends prepared, SEM tests

were carried ocut on the Cambridge Sterecscan 360 electron microscope,
using fractured specimens in liquid nitrogen taken from the injection
moulded plaques as well as from the extruded pellets. Each specimen
was gold coated and images of the fractured surfaces were obtained

(after gold evaporation coating) on the scanning electron microscope.
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4.5.5 Optical Microscopy

Optical microscopy studies were carried ocut on the samples showing
very low shrinkage (e.g. samples drawn uniaxially at 80°C for DR =
4:1) and on the samples of very high shrinkage (e.g. samples drawn
uniaxially at 100°C for DR = 4:1).

Samples Preparation

Due to the fact that the uniaxially stretched samples were flexible,
the techniques used for microtoming thin sections was the OO, freezing
technique.

A small specimen 5 x 10 sq mm was cut from the middle of the
uniaxially stretched samples, and then placed on the 00, freezing
stage and temporarily held in place with a suitable water based
adhesive. The 00, valve was opened as soon as freezing commenced,
water was dripped round the specimen until it was totally embedded in
ice. 005 was not used continuocusly, but in bursts lasting about 15
seconds as soon as the temperature rises significantly. Microtome
sections of about 10 pm through the thickness were cut using a glass
knife and then photographed in an optical microscope between crossed

polars.

4.5.6 BAmealing Tests

Annealing experiments were carried out in an oven at preset
temperatures of 100°C, 125°C, 150°C and 180°C for 30s, on the
uniaxially and biaxially drawn PET samples. A 4 cm long specimen and a
sguare-plece (2 x 2 am) were taken fram the middle of the uniaxial and
biaxial drawn samples respectively and clamped in a special jig to
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aveid shrinkage during annealing.

4.5.7 Dynamic Mechanical Spectra

Dynamic mechanical tests were carried ouf on the Du Pont 2000
apparatus to determine the  relaxation spectrum corresponding to the
glass-transition (Tg) of the injection moulded plaques of all the

blends. The measurements were made from -50°C to 150°C, at a constant
heating rate of 2°C/min and at constant frequency of 1 Hz. The sanples
were cut into a rectangle of about 18 mm long and 12 mm wide using an
electrical saw. The thickness was kept constant and equal to 1 mm
thickness of the injection moulded plaques.

4.5.8 Birefringence Measurements

Birefringence measurements were carried out using a UV
spectrophotometer on those uniaxially drawn samples at 80°c, 90°c,
100°C and 125°C for DR = 4:1.  (Note that the samples with DR = 4:1,
the birefringence could not be calculated by the UV spectrameter).

The basic principle of this method was to measure the distribution of
intensity versus wavelength with a spectrophotometer, and compute the
optical retardation of the stretched samples. The experimental
arrangement was as follms[24}A sample was cut f_rm the uniaxially
drawn PET specimens and placed hetween crossed polars in the sample
chamber of a Beckman Acta MVII ultra-violet spectrophotometer. With
the h-lamp switched on, a wavelength scan was made between 450-800 rm.
A trace is obtained which has a series of peaks The peak number was
_Plotted as a function of ﬁthe; _ rgciprocal of the peak wavelength. A

tangent was drawn at a wavelength of 546 nm, the gradient c?f the
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tangent is equal to the optical retardation. Equation 4.1 shows that
the optical retardation divided by the sample thickness is equal to
the average through-thickness birefringence

=[m #(1/x,] *h (4.1)

An m:l

where m is the peak number, A, is the peak wavelength and h is the
sample thickness. (See tig 3.2)

4.5.9 Evaluation of Stresses Developed During Drawing

During uniaxial and biaxial stretching experiments force vs extension
curves were recorded. It was noticed that in some cases a strain
. hardening behaviour was observed especially for uniaxially drawn
samples. However calculation of the yield stress and final stress
have been carried ocut to quantify the relationship between force and
extensions imrolved in the drawing process.
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CHAPTER 5
RESULTS

The main results of this study are presented in this section primarily
in the form of figures and tables, and in accordance with the outline
given in the experimental section. More detailed results are shown in
the Appendix.

5.1 UNIAXTAL STRETCHING EXPERTMENTS

5.1.1 Shrinkage Results

The shrinkage data in boiling water for non-nucleated PET thick sheets
(0.8 mm) are presented in Figure 5.1. These show that shrinkage is
very dependent on draw ratio in stretching experiments performed below
100°¢, showing a minimm at draw ratios (DR) around 4:1. At a drawing
temperature (DT) of 100°C shrinkage results are intermediate between
those obtained at DI's of 125°C and 90°C. In this temperature range
there is an inverse correlation between draw ratio and shrinkage,
which is the inverse of the results obtained with draw temperatures of
80°C and 90°C.

At high draw temperatures, i.e. between 125°C and 150°C shrinkage is
low and almost independent of draw ratio. This could be explained by
the fact that thermal crystallisation proceeds at a falrly high rate
at these temperatures.

' At drawing temperatures below the Tg of PET (i.e. DT = 60°C) higher

shrinkage is obtained at all draw ratios.
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The shrinkage results in boiling water for the nucleated PET thick
sheets (0.8 mm)} are presented in Figure 5.2. These sheets were drawn
only at temperatures below 130°C (i.e. at 80°C, 90°C, 100°C, 110°C and
125°C), in order to avoid thermal crystallisation taking place pricr
to stretching. The results show that the highest level of shrinkage
is cbtained at the lowest draw ratio (i.e. 2:1).

For all drawing temperatures used (i.e. 80°C, 90°C, 100°C, 110°C and
125°C), it was found, however, that when the samples were drawn at
draw ratios greater than 3:1 a slight haze in the drawn samples is
obtained but shrinkage is quite low. This correlation suggests that
stress-induced crystallisation that has taken place during drawing may
be the main reasons for the observations made above.

The shrinkage results for samples stretched at 500 mm/min are
presented in Figure 5.3. The data show that the lowest shrinkage is
obtained at DT = 90°C and DR = 4:1. For samples drawn at 200 mm/min,
on the other hand, the lowest shrinkage was obtained at DT = 80°C and
DR = 4:1. This means that by increasing the stretching rate, the
minimm in the shrinkage curve has been shifted to a higher draw

temperature.

The shrinkage results in boiling water for both nucleated and non-
nucleated PET thin sheets (0.4 mm) are presented in Figures 5.4 and
5.5 respectively. These show that a lower shrinkage is obtained for
sheets nucleated with Ca Montanate (0.5%). The lowest shrinkage is
always obtained, however, with the thick sheets (0.8 mm) suggesting

the existence of an inverse correlation between shrinkage and original — —
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thickness of the sheet used, possibly through the crystallinity level
developed during manufacture of the sheet and subsegquent heating in
the tensometer chamber prior to stretching.

The same behaviour was observed for non-nucleated PET drawn samples
(see Figure 5.5), confirming that the highest shrinkage is always
observed on the thinner samples. Moreover as shown in Figure 5.5, the
lowest shrinkage for the thin PET sheet is obtained at a higher
tamperature canpared to the thick one.

The percentage shrinkage obtained at temperatures 85°C, 120°C and
150°C for non-nucleated PET thick sheets (0.8 mm) is shown in Figure
5.6. At temperatures of 85°C shrinkage is not at its minimm, as
expected, but it seems that at 100°C the maximum shrirkage is obtained
and as the shrinkage temperature increases to 120°C and 150°C
shrinkage decreases. This could be due to further crystallisation
taking place during shrinkage tests at these high temperatures.

The shrinkage results cn anncaled samples are presented in Figure 5.7.
Shrinkage is reduced considerably when dravn samples are amnealed at
100°C under constrained length conditions. At annealing temperatures
of 125°C and sbove the percentage shrinkage is reduced to zero, even
at high ambient temperatures up to 120°C, for the samples drawn at
80°C and 90°C. Shrinkage is still appreciable, however, for samples
drawn at 60°C, 100°C and 125°C.

Zem shr:Lnkage is obtained on all drawn samples when the amnealing
temperature is greater than 150°C {see Figure 5 75_,__ but o only the
samples drawn at 80°C and 90°C for draw ratios greater than 3:1 remain
transparent after annealing. Thermal crystallisation occurs in other
samples. Note that all shrinkage results were an average of 10

specimens measured with accouracy with * 0.5%.
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Figure 5.2: Relationship between drawing conditions and shrinkage
in boiling water for uniaxially drawn nucleated thick
PET samples(0.8mm)
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draw ratio=4:1
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5.1.2 DSC Data

The DSC results for samples drawn from non-nucleated and nucleated PET
thick samples (0.80 mm) are shown in Figures 5.8-5.13 and in Table
5.1.

Figures 5.8 (a and b) show the DSC traces at 20°C/min heating rate for
all the samples exhibiting maximm shrinkage (i.e. DT = 100°C, DR =
4:1 and DT = 80°C, DR = 2:1). The DSC traces show that a
crystallisation peak is exhibited at Tec = 125°C, i.e. at about 10°C to
15°C below the crystallisation peak temperature for the corresponding
PET sheets before being drawn. The Tg of the drawn samples, however,
remain constant at 75°C, irrespective of draw ratio and thermal
history of the sample. The melting temperature also remains unchanged
at 254°c.

Figure 5.8(c) shows the DSC trace of the samples exhibiting stress.
hardening behaviour during stretching (i.e. TD = 80°C, DR = 4:1), but
remaining transparent (i.e. not exhibiting thermal crystallisation).

The DSC data on these samples, show that only a small crystallisation
peak is observed, indicating the occurrence of extensive stress-~
induced crystallisation has taken place during stretching, which is
responsible for the strain hardening behaviour (as shown later in the
mechanical properties results) and for the low residual
crystallisability of the drawn samples and, in turn, to the low
shrinkage cobserved. .

" Figure 5.8 (d and c) show the DSC traces of samples uniaxially drawn
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at 125°C and 150°C respectively which were opaque i.e. a substantial
amount of thermal crystallisation has taken place during drawing. The
DSC traces of Figure 5.8(e) do not have a crystallisation peak
confirming that the material has crystallised thermally during
stretching due to the high temperature.

Figure 5.9 shows the DSC traces of amnealed samples which also exhibit
zero shrinkage. Once more no crystallisation peak is observed,
confirming that the material undergoes thermal crystallisation during
annealing and that the crystallites so formed may be responsible for
suppressing the shrinkage in the samples. In addition to the original
melting endotherm (T, = 254°C), a small melting endotherm is seen at
temperatures over the temperature range 20° to 50°C above the
annealing temperature used. In the case of annealed samples
therefore, shrinkage does not occur because no further crystallisation

can take place.

The DSC results for the mucleated PET samples are presented in Figure
5.10 (a and b). Figure 5.10(a) shows the DSC trace for the nucleated
samples after stretching at 80°C for DR = 4:1. Since a small
crystallisation peak is observed, caomplete crystallisation has not
occurred, despite the fact that the samples after stretching are not
transparent. The crystallisation peak temperature (Tc) occurs at 95°C
while the melting remains unchanged at 254°C.

Figures 5.11 (al,bl) show the DSC traces at 5°C/min scan rate of
samples uniaxially stretched at 80°C (i.e. exhibiting minimum

shrinkage) and 100°C (i.e. exhibiting maximum shrinkage) for DR = 4:1,
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while Figures 5.11 (a2,b2) show the DSC results on the same samples
using 10°C/min heating rate, and Figures 5.11 (a3,b3) show the DSC
results at 15°C/min heating rate, alsoc for the same samples. More
detailed DSC results are shown in Appendix B, Figures B3 to BS.

TABLE 5.1: DSC DATA AT 20°C/MIN SCAN RATE

Material DT DR Tc AHe Tm AHE
(°c) (°c) (cal/g) (°c) (cal/g)
Non-nucleated - - 145,34 5.15 251.92 6.62
PET sheets
(0.8 mm)
Non-nucleated - - 140.39 6.57 247.55 B.75
PET sheets
(0.4 mm)
80 2:1 126,95 5.87 25i.44  9.35
Monoaxially 80 4:1 99.79  0.98  249.83 12.52
Drawn 90 4:1 103.34 1.54 252.63 9.35
Samples 100 4:1 124,78  4.69  249.66  9.674

In every case the percentage initial and total crystallinity was
calculated from the heat of crystallisation (&Hc) and heat of fusion
(OHf) i.e.

% crystallinity indtial = — 335 x 100

A
% crystallinity total = 32H§ % 100
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TABLE 5.2: CRYSTALLINITY AND SHRINKAGE DATA

FOR MONCAXTALLY DRAWN

SAMPLES
Materials DT DR % Linear % Crysta- % Crysta- A%
(°c) shrinkage 1linity  1linity Resi-
in boiling (initial) (btotal) dual
water heat
of
1l1lisa-
tion
Nen-nucleated - - - 4.52 20.35 15.83
PET sheets
{0.8 mm)
Non-mucleated - - - 6.71 26.92 20.21
PET sheets
(0.4 mm)
Non-mucleated 80 2:1 26.08 10.70 28.76 18.06
PET sheets
{0.8 mm)
Non-nucleated 80 4:1 5.10 35.49 38.52 3.03
PET sheets
(0.8 mm)
Nen-nucleated 90 4:1 6.67 24.04 28.76 4.72
PET sheets
(0.8 mm)
Non-nucleated 100 4:1 24.07 15.33 29.76 14.43

PET sheets
(0.8 mm)

* 4 ig the difference between the total crystallinity achievable for
a particular sample and the initial crystallinity.

The results in Tables 5.1 and 5.2 show that shrinkage is directly

proporticnal to the residual heat of crystallisation, irrespective of
T the drawing temperature (see Figure 5.8). - -
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(0.5%); (b) Na Montanate (0.5%)
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5.1.3 Density of Drawn Samples

The density results of the uniaxially drawn PET thick sheets (0.8 mm)
are presented in Figures 5.12 and 5.13.

Figure 5.13 shows the relationship between shrinkage and the density
at different draw ratios. The results show that for the same drawing
temperature shrinkage is related to density and that the lowest
shrinkage is obtained for samples exhibiting the highest density.
More density results are presented in Appendix A (Tables Al and A2).
Note that the density results were calculated with an accuracy within
* 0.03 g/cmS.

5.1.4 Birefringence Results

The birefringence results for the uniaxially drawn PET thick sheets
(0.8 mm) before annealing are presented in Table 5.3. These show that
the shrinkage for samples drawn below 125°C is wvery dependent on the
birefringence, and very high birefringence i1s observed for samples
showing very low level of shrinkage, however the two variables are not
directly proportional.

TABLE 5.3: BIREFRINGENCE RESULTS FOR UNIAXIALLY DRAWN NON-NUCLEATED
PET SHEETS OF 0.8 mm THICKNESS BEFORE ANNEALING

DT DR % Shrinkage D,
(“c) in boiling water (Birefringence)
80 4:1 5.1 0.0863
90 4:1 7.33 0.0645
100 4:1 24.07 0.0495
125 4:1 .87

0.0930

Note that each value was an average of 5 and the accuracy of the
results was within ¥ 0.001.
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FIGURE 5.14: Optical microscopy results of uniaxially drawn_non-
o nucleated thick PET samples
(a) TD = 80°C, DR = 4:1; (b) TD = 100°C, DR =4:4

(Picture taken perpendicular to the cross-sectional surface and flow

direction)
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5.1.5 Optical Microscopy Results

Optical microscopy results are presented in Figure 5.14 in the form of
micrographs.

For the samples before drawing no spherulites were observed, while the
samples drawn uniaxially at 80°C for DR = 4:1 (i.e. samples exhibiting
minimum shrinkage) it was revealed the presence of a quite large
mmber of small spherulites, confirming that these spherulites were
formed during drawing and that they play an important role in reducing
shrinkage.

On the other hand, only very few spherulites were observed, in samples
drawn at 100°C for DR = 4:1 (i.e. samples showing maximm shrinkage).

5.1.6 Results of Stresses Developed During Uniaxial Stretching

The stress. ooz results of uniaxially drawn non-nucleated
thick PET samples (0.8 mm) are presented in Table 5.4.

Note that each value was an average of 10 and the accuracy of the
results was within ¥ 0.1 N/mz.

TABLE 5.4: STRESSES RECORDED FOR UNIAXIAL DRAWING EXPERIMENTS ON PET
SAMPLES (0.8 mm)

Drawing - Properties

Temp Oy N/m Sf N/m2
T(°C) (x 10%) (x 10%)
80 0.17 0.22
a0 0.15 0.14
100 0.16 . 0.a3
— 100 — — T 0.23 0.17
125 0.77 1.27
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These show that at a drawing temperature of 125°C, the final stress is
greater than the yield stress, possibly due to the crystallisation
rate being quite high at this temperature. However, the same
behaviour is cbserved also at a drawing temperature of 80°C which may
result from stress-induced crystallisation. This could be once more

the reason for having a low shrinkage for samples drawn at 80°C and DR
= 431,
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5.2 BIAXTAL STRETCHING EXPERTMENTS

5.2.1 Shrinkage Results

Shrinkage data for PET bottles cbtained for experiments carried out in
boiling water and in water at 85°C are presented in Tables 5.5 and
5.6.

Table 5.5 shows the shrinkage results for samples taken from the waist
of the bottles, while in Table 5.6 are shown the shrinkage results for
samples taken at the top around the neck regions of the bottles. In
both cases the data were obtained before and after annealing under
constrained conditions at 100°C and 180°C for 30s. These results show
that the percentage shrinkage in the two perpendicular directions,
i.e. axial and hoop directions, is quite high, while a near-zero
shrinkage is obtained when the samples are annealed at 180°C for 30s.

The shrinkage results in boiling water for PET samples biaxially
stretched without shear are presented in Figures 5.15-5.19.

Figures 5.15 and 5.16 show the shrinkage results for the samples taken
fram the middle of the biaxial stretched specimens. These show that
for the two blaxial drawn ratios 2:1 and 3,5:1 the highest percentage
shrinkage is obtained at a draw temperature (DT) of 80°C for specimens
produced from both nucleated and non-mucleated PET thick sheet samples
(0.8 mm). The shrinkage data for bottles correspond to those for
sheets drawn at 100°C.
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TABLE 5.5: SHRINKAGE RESULTS FOR SAMPLES TAKEN FROM THE WAIST REGIONS
OF THE BOTTLES (DRp, = 3:1, DR, = 3.5:1)

Annealing % Linear Shrinkage % Linear Shrinkage

Tempgrature (Average at 85°C) (Average at 100°C)
(tC) '
HD LD HD LD
Not annealed 10.00 8.57 14.28 13.33
100 5.15 3.25 7.5 5.0
180 0 0 2.5 1.25
HD = hoop direction
LD = longitudinal direction
DR, = draw ratio in the longitudinal direction
DRy, = draw ratio in the hoop direction

TABLE 5.6: SHRINKAGE RESULTS FOR SAMPLES TAKEN FROM THE TOP REGIONS
OF THE BOTTLES (i.e. NEAR THE NECK DRy, = 2:1, DR, = 2:1)

Annealing % Linear Shrinkage % Linear Shrinkage
Tar?géa;ture (Average at 85°C) (Average at 100°C)
HD LD HD. LD
Not anmnealed 18.35 12.00 25.0 15.0
100 6.95 5.30 9.8 6.5
180 1.70 0.69 3.6 2,7
“hoop.direction . __ . _ _

95



On the other hand Figures 5.17 and 5.18 show the shrinkage data for
the same samples, but the specimens were taken from the shear region
of the biaxial stretched samples.

The results show that shrinkage is always lower in the shear region
than in the middle. The lowest shrinkage being obtained in the shear

regions for specimens produced at 110°C drawing temperature.

Figures 5.17 and 5.18 show that the higher the shear extension ratio
the lower the shrinkage. Note that in these regions the axial draw
ratio is much smaller than for samples taken in the middle revealing
the very predominant role played by in-plane shear deformations (see
Section 4.2.3, for the definition and calculation of the total
extension ratio in the shear region).

The shrinkage results at 85°C for both nucleated and non-nucleated PET
thick sémples (0.8 mm) taken from the middle and shear region are
presented in Figures 5.15-5.18.

The results of the samples taken fmnlthe middle show that for both
biaxial draw ratio 2:1 and 3.5:1 the .shrinkage decreases with
increasing the drawing temperature, reaching a minimm at about 110°C.
This is contrary to moncaxially drawn samples which showed a mindimum
at 80% (see Figures 5.15-5.16). The results for samples taken from
the shear region, on the cother hand, show the same trend but lower
shrinkage in relation to specimens taken in the middle regions and
that zero shrinkage 1s obtained for the non-mucleated PET samples

" produced at 110°C drawing temperature and for draw ratio = 3.5:1, In——
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all cases no measurable change in angle of shear was observed as a
result of shrinkage.

The shrinkage results on annealed samples taken from the middle of the
biaxially drawn PET thick sheet (0.8 mm) are presented in Figure 5.19.
These show that zero percent shrinkage can cnly be obtained at very
high annealing temperature (TA = 180°C). However, only the samples
drawn at 80°C and 90°C, remain transparent, while drawing the
specimens above 110°C produces opacity and reduces the drawability.

The shrinkage results in boiling water for samples stretched under
cambined biaxial drawing and shear deformation are presented in Table
5.7 (see Figure 3.1, Section 3.2.2 for illustration of the jigs used).

These show that a lower shrinkage is obtained for samples biaxially
drawn with superimposed shear deformations than for the samples drawn
biaxially with pure biaxial extension. Furthermore the lowest
shrinkage is obtained for samples with higher amounts of shear
deformations, i.e. samples drawn with configurations G, (see Section
4.2.2(b) for illustration of the geametries G; and G,).

See Section 4.2.3 for the calculation of the shear extensicon ratio for
each gednet:y.
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Figure5.15: Relationship between linear shrinkage and drawing conditions

for biaxially drawn non-nucleated PET samples(0.8mm thick)
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Figure5.16: Relationship between linear shrinkage and drawing conditions
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Figure5.17: Relationship between drawing conditions and linear shrinkage for
samples taken from the shear region of the biaxially drawn non-
nucleated PET thick sheets (biaxial draw ratio=2:1, average axial
draw ratio in the shear region=1.44, shear extension ratio=1.09
and total extension ratio=1.56)

100



% Llnear shrinkage

B % Linear shrinkage at 100°C
® % Linear shrinkage at 85°C

80 90 100 110 120

Drawing Temperature{ °C)

Figure5.18: Relationship between drawing conditions and linear shrinkage for

samples taken from the shear region of the biaxially drawn non-
nucleated PET thick sheets (biaxial draw ratio=3.5:1, average axial
draw rafio in the shear region=1.67, shear extension ratio=1.16
and total extension ratio=1.93)
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. ¢ TABLE 5.7: SHRINKAGE DATA FOR THE NON-NUCLEATED PET THICK SAMPLES
(0.8 mm) BIAXIALLY DRAWN WITH IN-PLANE SHEAR

DEFORMATION
Shear Deformation Shear Deformation
(Gy) (Gy)

Drawing
Temperature 80 80 100 80 a0 160
(°c) '
% Linear
shrinkage 12.54 11.54 7.94 8.0 5.7 3.4
in boiling
water

See Chapter 4, Section 4.2.3 (5 and 6) for calculation of the shear
extension ratio for each geometry.
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5.2.2 DSC Data

The DSC results for the biaxially drawn samples from non-nucleated and
nucleated PET thick samples (0.80 mm) are shown in Figures 5.20-5.22
and in Tables 5.8-5.11. Figures 5.20 and 5.21 show the DSC tracés for
all the samples biaxially drawn without shear taken from the middle
and shear region of DR = 2:1 and 3.5:1 respectively.

Figure 5.22 shows the DSC traces for the biaxially drawn nucleated PET
thick samples (0.8 mm) at DR = 2:1.

The DSC results show that a very small heat of crystallisation, oH,,
is observed for the samples taken from the shear part of the biaxially
drawn samples (these samples exhibit low shrinkage), whereas high H,
values are cbserved for samples in the middle (these samples exhibit
high shrinkage). Figure 5.23 shows the DSC traces for all the samples
biaxially drawn with superimposed shear deformation using both jigs G
and G,.

TABLE 5.8: DSC DATA FOR THE NON-NUCLEATED PET THICK SHEETS (SAMPLES
DRAWN BIAXTALLY WITH DR = 2:1)

DT AH& Tc M Tm

(°c) (cal/g) (°c) (cal/q) (°c)
Middle part 80 5.59 124.88 9.85 248.15
Shear part 80 2.13 7 106.10 10.90 248.15
Middle part 100 5.09 125.56 8.68 250.50

Shear part 100 2.98 115.19 10.55 249.18
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TABLE 5.9: CRYSTALLINITY AND SHRINKAGE DATA FOR THE NON-NUCLEATED PET
THICK SHEETS
(samples drawn biaxially with DR = 2:1)

DT % Linear % Crystal- % Crystal- &%

(°c) shrinkage 1inity linity Resi-
in boiling (initial)  (total) dual
water heat of
’ crysta-
llisation
Middle part 80  28.08 13.10 30.30 17.20
Shear part 80 7.33 26.98 33.54 6.55
Middle part 100 21.001  11.03 26.70 15.67
Shear part 100 4.33 23.27 32.46 9.19

a* 1is the difference between the total crystallinity achievable for
a particular sample and the initial crystallinity.

% initial crystallinity is the crystallinity present in the drawn

sample:

AHe - A
$ crystallinity initia1=H§2—5H_°_ x 100

where 32.5 is AHg in cal/g for the pure crystal.
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TABLE 5.10: DSC DATA FOR THE NUCLEATED PET THICK SHEET (SAMPLES DRAWN

BIAXTALLY WITH DR = 2:1)

DT AH, Te AHg Tm

(°c)  (cal/g) (%c)  (cal/g)  (“0)
Middle part 8'0 4.98 121.88 8.78 250.00
Shear part 0.64 120.10 9,52 250.51
Middle part 90 6.03 128.05 9.58 250.32
Shear part 2.25 117.94 9.84 251.29

Note: Nucleated specimens could not be drawn at 100°C and sbove due

to thermal crystalliisation occurring during drawing

TABLE 5.11: CRYSTALLINITY AND SHRINKAGE DATA FOR THE NUXLEATED PET
THICK SHEET (samples drawn biaxially with DR = 2:1)

DT % Linear $ % A*

(%) shrinkage crystal- crystal- residual
in boiling 1linity linity  heat of

water (initial) (total) crystal-

lisation
Middle part 80 35.7 11.68 27.01 15.33
Shear part 18.35 27.33 29.29 1.96
Middle part 80 31.00 10.94 29.48 18.54
Shear part 16.35 23.35 30.28 6.93

a* is the difference between the total crystallinity achievable for a

particular sample and the initial crystallinity
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TABLE512: DSC DATA FCOR ENICHEM BOTTLES

Tg Te AH, T AHp

(°c) (°C) (cal/g) (°c) (cal/g)
Preform 80 144.93 4,774 254.38 9,562
Top region (B) 78 148.00 6.583 252.10  10.113
Middle region (A) 78 100.12 2.354 256,56 11.17

See Figure 4.1 for regions A and B.
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DSC traces at 20°C/min heating rate of non-nucleated
thick PET samples (0.8 mm) biaxially drawn for DR =
2:1 at 80°C (a;, ay); and 90°C (b, by)

a) samples taken from the middle region

b: samples taken from the shear region
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FIGURE 5.21: DSC traces at 20°C/min heating rate of the samples taken

from the middle of non-nucleated thick PET samples (0.8
mm) biaxially drawn at DR = 3.5:1

a) T =80°C:; (b) TD = 90°C; (c) ™ = 100°C; (d) T
= 110°C; (e) TD = 125°C
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FIGURE 5.22; DSC traces at 20°C/min heating rate of nucleated thick
PET samples (0.8 mm) biaxially drawn for DR = 2:1 at
80°C (ay, ay) and 90°C (b, by).

a) samples taken from the middle region
b} samples taken from the shear region
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FIGURE 5.23: DSC traces at 20°C/min heating rate for non-nucleated

thick PET samples (0.8 mm) biaxially drawn with
superimposed shear deformations at (1) 80°C; (2) 90°C;
(3) 100°C; (a) G; samples; (b) G, samples
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5.3 EVALUATION OF BLENDS

5.3.1 shrinkage at High Temperatures

To increase the Tg of PET, which was hypothesised as a possible way of
increasing dimensional stability in the range 85-100°C, a small amount
of polycarbonate (PC) and polyarylate (PA) (i.e. 4%) were blended with
PET, adding 1% phenoxy as a possible campatibiliser as it can react
easily with both polymers. The shrinkage results in boiling water for
the blends listed below, which were biaxially drawn at DR = 2:1 and
3.5:1 are presented in Figures 5.24 (a) and (b) respectively.

F; poly(ethylene terephthalate) (PET) (100)

F» poly(ethylene terephthalate)/polycarbonate/phenoxy  (PET/PC/PH)
(95/4/1)

F3 Poly(ethylene terephthalate)/polyarylate/phenoxy (PET/PA/PH)
(95/4/1) |

Fyq poly(ethylene terephthalate)/phenoxy/sodium benzoate (PET/PH/NaB)
(95/4/0.1).

The addition of 5% masterbatch (i.e. PC/PH or Par/PH, 4%/1%) in PET
was not sufficient to increase the Tg of the blend, which was believed
to be the reason for not observing a reduction in shrinkage as shown
in Figure 5.24(a) and (b). Consequently 20% masterbatch was blended
with PET as for the formulations listed below:

(F5) poly(ethylene terephthalate)/polycarbonate/phenoxy (PET/PC/FPH)
(80/16/4)

(Fg) poly(ethylene terephthalate)/polycarbonate (PET/PC) (80/20)
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(F7) poly(ethylene terephthalate)/polyarylate (PET/PA) (80/20)

(FB) poly(ethylene terephthalate/polyarylate/phenoxy (PET/PA/PH)
(80/16/4)

(Fg) poly(ethylene terephthalate/polyarylate/polycarbonate (PET/PA/
PC) (80/10/10).

(F;g) poly(ethylene terephthalate/polycarbonate/polyacrylate/phenoxy
(PET/PC/PA/PH) (80/8/8/4).

The shrinkage results in boiling water for these formulations
bilaxially drawn with DR = 2:1 and 3.5:1 are preseﬁted in Figure
5.25(a) and (b) respectively. -

Figures 5.25(a) and (b) show that the percentage shrinkage follows the
same trend as that in Figure 5.24 and in some cases even higher than
that of PET. It is worth noting however, that by using phenoxy with PA
and PC the samples achieve greater extensibility, especially at 100°C
where samples of binary blends PET/PC and PET/PA (80/20) were mot
stretchable at DR = 3.5:1.

By increasing the amount of PC and PA in PET blends a high Tg was
obtained but the amount of crystallinity was lower than for PET alone.
Therefore to minimise the reduction in crystallinity of PET in PET/PA
blends it was thought to be necessary to inhibit the ester-exchange
reaction by using 1% stabiliser (organophosphite) and 0.2% of
nucleating agent (NaB) in subsequent formulations.

The shrinkage results in boiling water for these blends, (see list
below), which were biaxially drawn at DR = 3.5:1 are presented in
Figure 5.26:
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(F11) poly(ethylene terephthalate ) /polyvarylate/phenoxy (PET/Par/FPH)
(80/18/2)

(Fy2) poly(ethylene terephthalate)/polyarylate/phencity (PET/Par/PH
(80/18/2) + 0.2% NaB + 1% S

(Fls) poly(ethylene terephthalate)/polyarylate (PET/Par) (70/30)

(F14) Poly(ethylens terephthalate)/polycarbonate (PET/PC) (70/30)
(F15) poly(ethylene terephthalate)/polyarylate (PET/Par) (70/30) +
0‘.2% NaB + 1% S

(F1g) poly(ethylene terephthalate)/polyarylate/phenoxy (PET/Par/PH)
(70/28/2)

(Fy7) poly(ethylene terephthalate)/polyarylate/phenoxy (PET/Par/PH)
(70/28/2) + 0.2% NaB + 1% S

Note that only formulations Fy3 and Fig ocould be stretched to 3.5:1,
all the other blends exhibited a very low stretchability.

Shrinkage results in bolling water for these two formulations (i.e.
PET/Par {70/30) are shown in Figure 5.26.

It is interesting to note that the stabilised blend Fi5 shows a
shrinkage behaviour very similar to that of PET (although a 1little
higher), whereas for the unstabilised sample shrinkage is almost
double at both draw ratios. Moreover, these samples could not bhe drawn
even to 2:1 at 80°C, while when stretched at 90°C they became hazy
showing signs of microvoiding. On the other hand at 100°C, 110°C,
120°C and 130°C, the samples remained transparent. The haziness of
the samples drawn at 90°C is due to the fact that they have been drawn
below the Tg, and is different from the opacity observed when sanples
crystallise thermally.
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Hypothesising that if the shrinkage temperature is lower than the Tg
of the drawn sample the level of shrinkage can be considerably
reduced, shrinkage tests were subsequently carried out at 85°¢.

The results presented in Figure 5.26(a) show a lower shrinkage which
is in fact obtained at 85°C rather than in boiling water, but it is
still high, confirming once more that the important factor to decrease
shrinkage is to reduce the amount of residual cxrystallisability of the
polymer after drawing and I"Dt to increase the Tg.

To test further this last hypothesis, PET was blended with
polymetaxylene adipamide (MXD6), which is a crystalline and

incaompatible polymer but produces trangparent blends in combination
with PET.

Shrinkage results in boiling water for the MXD6 based formulations
(1isted below), biaxially drawn at draw ratios = 3.5:1 are presented
in Figure 5.27.

(F1g) poly(ethylene terephthalate)/polymetaxylene adipate/phencxy
(PET/MXD6/PH) (80/18/2)

(F19) poly(ethylene terephthalate)/polymetaxylene adipate (PET/MXD6)
(80/20)

(Fpg) poly(ethylene terephthalate)/polymetaxylene adipate (PET/MXD6)
(70/30)

(le) polymetaxylene adipate (MXD6) (100) control.

By adding 30% MXD6 to PET shrinkage decreases drastically at all
drawing temperatures and a much lower shrinkage than for PET alone is
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obtained at drawing temperatures in the range 100°c-120°C.
Possibly the dispersed MXD6 phase nucleates the stress-induced
crystallisation in the surrounding PET matrix.

At 20% addition of MXD6 shrinkage becomes lower than that of PET only
at drawing temperatures asbove 100°C.

For MXD6 alone the shrinkage reaches a minimum at 90-100°C, but above

100°C increases very rapidly whereas for PET shrinkage continues to
decrease up to a draw temperature of 120°C.
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Figure5.27: Effect of drawing conditions on linear shrinkage of biaxially

drawn PET/MXD6 blends at draw ratio 3.5:1 {(samples taken
from the middie of the specimens)
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5.3.2 DSC Data

The DSC results of the injection moulded plaques for the blends

containing small amounts of PC and PA (i.e. F,, Fg, Fy) are shown in

Figure 5.28 and Table 5.13.

Thesemsultsshﬁmthatverylittlechangeinﬂmei‘gofthePErhas

occurred, with the exception of formulation Fp (i.e. PET/PC/PH,

95/4/1) for which Tg is increased to 85°C. One notes that this

particular formulation has a lower crystallinity than the others.

Surprisingly the other blends have similar crystallinity as pure PET

and the melting point for all the blends is the same as that of PET

(i.e. 254°C) indicating that the soluble amorphous polymer is being

excluded fram the crystallisation of PET.

TABLE 5.13: DSC DATA FOR INJECTION MOULDED PLAQUES OF PET BLENDS

Formulations DSC data

No Type Tg Tc 8H, Tm AHg
(%c) (Pc) (ear/g) (Pc) (cal/g)

F, PET (100) 75 133.10 7.06 254.82 11.29

F, PET/PC/PH (95/4/1) 85 133.48 4.62 254.64 7.21

F3 PET/Par/PH (95/4/1) 78 128.83 7.75 254,24 12,19

F4 PET/PH/NaB (95/4.9)/ 76 124.09 6.85 253.44 11.22

0.1)

The DSC results for the injection moulded plaques of the blends

containing larger amounts of amorphous compatible polymer blends (i.e.
Fg, Fg, Fy, Fg, Fg, qu) are presented in Figure 5.29 and Table 5.14.
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The DSC traces show that the cold crystallisation temperature (Tc) of
all these blends increases slightly in camparison to that of the pure
PET, except for blends of formulations Fg (PET/PC/PA = 80/10/10) and
Fig (PET/PC/PA/PH = B0/8/8/4) where a slight decrease of Tc is
observed (see Table 5.13). The glass transition temperature (Tg) for
all the blends, however, is scamewhat higher than for PET, while the

heat of fusion is much lower.

Note that more precise values of Tg (albeit higher) have been obtained
by DMA tests than by DSC analysis. Moreover the heat of fusion (AHg)
for the PET/PA/PH (80/16/4) blend is very low coampared to all the
other blends and to PET, which exhibits the highest heat of fusion.

TABLE 5.14: DSC AND DMA DATA FOR INJECTION MOULDED PLAQUES FOR

PET BLENDS
Formulations DMA DSC Data
Data
No Type Tg TC L3: T AHg
(°c) (°¢) (cal/g) (°C) (cal/g)
F, PET (100) 85 133.10 7.06 254.82 11.29
Fg PET/PC/PH (80/16/4) 87 137.25 5.16 251.94 7.05
Fg PET/PC (80/20) 88 139.09 4,95 248.67 7.84
F, PET/Par (80/20) 92  149.42 5.17 249.66 6.87

Fg PET/Par/PH (80/16/4) 90 142.66  1.45  247.88 2.54

Fg PET/PC/Par (80/10/10) 97 131.88 5.56  250.13 8.01

Fyo PET/PC/Par/FH 90 130.17  3.29  247.73 4.61
(80/8/8/4)

The DSC results of the extruded pellets and the injection moulded
placques for the blends containing even larger amounts of amorphous
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polymer (i.e. Fy5, Fi3, Fi4, Fig, Fpg) are presented in Figure 5.30 (a
and b) and in Tables 5.15-5.16. The DSC traces of the extruded
pellets show that for all the blends only ane Tg is obtained, which is
higher than the Tg of PET, while the cold crystallisation temperature
{Tc) of all the blends increases and the heat of fusion (AHf)
decreases substantially in comparison to that of pure PET.

Unlike the case of previous blends the melting temperature (Tm)
decreases by about 5°C to 10°C (see Table 5.15). These high levels of
compatible glassy polymer are found to affect considerably the
crystallisation behaviour of PET.

Moreover after injection moulding the crystallisation and melting
peaks for formulations Fyg4 (PET/PA = 70/30) and Fig (PET/PA = (70/30)
+ 0.2% NaB + 1% S) disappear campletely, suggesting that these blends
becane amorphous (or exhiblt a wvery low crystallisation rate) as a
result of chemical reactions between the various components during
injection moulding. These formulations alsco showed the highest Tg.

TABLE 5.15: DSC DATA OF EXTRUDED PELLETS

Formulations g Tc AHg | Tm AHg
(c) () (car/g) (°C)  (cal/g)

F; PET (100) 75 125.88  6.31 251,54  9.19

Fy, PET/Par/PH 83 140.54 5.72 249.06 7.8l
(80/18/2)+0.2%NaB+13S

F,5 PET/Par (70/30) 92 178.98  5.50  247.55  4.87

Fy4 PET/PC (70/30) 80 153.99  4.93  253.81  6.85

F,5 PET/Par 88 152,07 3.92  247.62  4.23
(70/30)+0.2%NaB+1%S

F,¢ PET/Par/PH (70/28/2) 85 149.84 4.90 147.19 5.81
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TABLE 5.16: DSC AND DMA DATA OF INJECTION MOULDED PLAQUES

Formulations VA DSC data
Data
No Type Tg Tc AH, Tm AHg

(°c)  (°%0)  (cal/g)  (C) (cal/g)

F; PET (100) 85 133.10 7.06  254.82  11.29

F)p PET/Par/PH (80/18/2)+ g7 160,92 5.23 231.14 5.27
- 0.2% NaB+1%S

Fi5 PET/Par  (70/30) 105  N.A. 0 N.A. 0
Fy, PET/EC (70/30) 95 178.29  5.23  242.15 6.00
Fi5 PET/Par  (70/30)+ 100  N.A. 0 N.A. 0

0.2% NaB+1%3
Flﬁ PET/Par/PH (70/28/2) Q9 178.44 1.16 225.16 3.60

The DSC results for the blends containing MD6 are presented in Figure
5.31 and Table 5.17.

The DSC traces of the injection moulded plagques do not reveal any
difference in Tg values for PET and PET/MXD6 blends but a slight
decrease in AH, \}alues and AHg is observed with the blends. By adding
2% phenoxy to PET/MXD6 containing 80% PET (Fyp) the Tg as well as the
Tc value decreased relative to the values for PET/MXD6 (80/20) blend.
Two melting temperatures (Tms) are cbserved, however, for all PET/MXD6
blends; the lower melting temperature being associated with the MXD6
phase, whilst the higher peak is associated with PET. Moreover a very
low crystallisation temperature is observed for MXD6 injection moulded
plaques, which confirm the possibility of MXD6 having a stress induced
nucleating effect on PET, in PET/MXD6 blends.
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TABLE 5.17: DSC DATA OF THE INJECTION MOULDED PLAQUES

Formulations Tg Te AH, Tm AHf
(°c)y (%c) (cal/g) (PC) (cal/g)
F, PET {100) 75 133.10 7.06 254.82 11.29
F,, PET/MKD6/PH (80/18/2) 78 134.30 6.27  253.47 9.71
F]_g PET/MXD6 {80/20) 80 137.32 6.71 255.95 9.94
Féo PET/MXD6 {70/30) 80 133.13 6.83 252.30 11.41
Fyq MXD6 (100) 70 114.26 7.41 243.83 18.44

For the biaxially drawn PET/MXD6 (70/30) blends the DSC results are

presented in Figure 5.32 and Table 5.18. These show that the Tg has

been decreased considerably over the values of the samples before
drawing, and that two crystallisation temperatures (Tcs) are observed;
the lower crystallisation temperature being associated with MXD6
phase, and the higher Tc being the one associated with PET.

TABLE 5.18: DSC DATA OF THE BIAXIALLY DRAWN PET/MXD6 (70/30) BLEND AT

DR = 3.5:1
Drawing Tg Te AH, Tm AHg % Crystal-
Temp (°C) (°C) (°c) (cal/g) (°c) (cal/g) linity
90 58  70.05 0.26 252.01 8.72 22.22
98.61 1.24
100 58 70.74 0.46 251.91 14.17 25.6
' 111.87 5.39
110 58  72.10 0.32  252.64 14.73 27.2
119.29 5.57
120 58 71.93 0.26 251.70 15.21 29,72
122,51 5.29
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FIGURE 5.28: DSC traces at 20°C/min heating rate of formilations Fy
(PET); Fz (PET/PC/PH) (95/4/1): F3 (PET/PA/PH)
(95/4/1); F, (PET/PH/NaB) (95/4.9/0.1)
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FIGURE 5.29:
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DSC traces at 20°C/min heating rate of formulations Fy
(PET); Fg (PET/PC/PH) (80/16/4); Fg (PET/PC) (80/20);
F, (PET/PA) (80/20); Fg (PET/PA/PH) (80/16/4); Fg
(PET/PC/PA (80/10/10); F;q (PET/PC/PA/FH) (80/8/8/4)
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DSC traces at 20°C/min heating rate of the extruded
pellets of formulations F,, (PET/PA/PH) (80/18/2) +
0.2% NaB + 135; F,4 (PET/PA) (70/30); Fp4 (PET/PC)
(70/30); Fys (PET/PA) (70/30) + 0.2% NaB + 138; Fy;
(PET/PA/PH) (70/28/2) + 0.2% NaB + 185
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FIGURE 5.30(b): DSC traces at 20°/min heating rate of the injection
moulded plagues of formulations: Fi (PET): Fi9
(PET/PA/PH) (80/18/2) + 0.2% NaB + 13%S; Fyo
PET/PA/PH) (70/28/2) + 0.2% NaB + 1%S
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Note that the Tg value of this drawn blend is much lower than that of
drawn PET.

5.3.3 Morphology
The microstructure of the different blends (fractured in liquid

nitrogen) was studied by scamning electron microscopy (SEM) and the
results are presented in Figures 5.33-5.39. Figures 5.33, 5.36 and
5.35 show the SEM micrographs of the injection moulded plaques of PET,
PET/PA/PH (80/16/4), PET/Par (80/20), PET/PC (80/20), PET/PC/PH
(80/16/4), PET/PC/PA (80/10/10) and PET/PA/PC/PH (80/8/8/4) blends.

One one phase is observed for the binary blends, PET/PC ard PET/PA
(80/20). These blends were transparent and only oane Tg value was
recorded by the DMA tests. Moreover crazing marks over the fracture
surface are observed for PET injection moulded plaques as well as for
the blends PET/PC (80/20), PET/PA (80/20) and PET/PC/PA (80/10/10).

For the blends containing phencxy, two phases are cbserved and the
crazing phencmena is no longer cbserved.

Figures 5.37 and 5.38 show the SEM micrographs of the injection
mculded plaques of the blends containing larger amounts of campatible
polymers PET/PC (70/30), PET/PA (70/30), PET/PA (70/30 + 0.2% NaB +
1%S.

From Figure 5.37(a) and (b) we can see that crazing is more pronounced
in the case of PET/PC (70/30) blends than of PET/PA (70/30) blends,
but only ane phase is cbserved for both blends. This cbservation could
also be confirmed by the fact that only one Tg was recorded by the DMA
tests. | |
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From Figures 5.38(a), 5.39(b) and 5.40(b) we can see that by adding
0.2% NaB and 1% stabiliser to PET/Par blends two phases lare clearly
cbserved but the particle size of the dispersed phase (PA) is reduced,
especially when phenoxy is added. This strongly suggests that
solubilisation of PET and PA results from chemical reactions between
the two components and the effectiveness of the stabiliser in

inhibiting these reactions.

Figures 5.41, 5.42 and 5.43 show the SEM micrographs of the extruded
pellets as well as the injection moulded plaques of PET/MXD6 (80/20),
(70/30) and PET/MXD6/PH (80/18/2) blends. Although all these blends
were transparent two distinct phases (MXD6 being dispersed aspherical
particles) were observed owing to the total lack of miscibility.

The particle sizes of the extruded pellets seems to be much larger
than those of the injection moulded plagues, which result from the
difference in the shear rate in the two processes.

Figure 5.44 shows the SEM micrographs - -of the samples taken fram the
middle and the shear region of the bilaxially drawn PET/MXD6 (70/30)
blends. Elongated particles are cbserved as well as same separation
of MXD6 particles from the matrisx.

Note, however, that the ternary blends containing phenoxy this time do
not exhibit the distinct precipitate particles observed for blends
containing PC or PA, suggesting such precipitation does not result
from the reaction of phenoxy with PET, but with PC or PA.
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FIGURE 5.,34: Scanning electron micrographs obtained from
cryogenically fractured injection moulded
plaques of PET blends: (a) PET/PA/PH (80/16/4)
(b) PET/PA (80/20)

133



L» SE1 EHT= 10,0 KV WD» 15 mm PHOTO- 40
5.00pm p—mr————
16/4)

(a)

RN

[ R L P
ey - ; "N
AL Pl el AT

L~ SEY EHT[—) 10,0V WD= 15 mm
e |

{b)

FIGURE 5.35: Scanning electron micrographs obtained from
cryogenically fractured injection moulded
plaques of PET blends: (a) PET/PC/PH (80/16/4)
{b) PET/PC (80/20)
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FIGURE 5.36: Scanning electron micrographs obtained from
cryogenically fractured injection moulded
plagques of PET blends: (a) PET/PC/PA
(80/10/10), (b) PET/PC/PA/PH (80/8/8/4)
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Scanning electron micrographs obtained from
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plaques of PET blends: (a) PET/PC (70/30),
PET/PA (70/30)
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cryogenically fractured injection moulded
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cryogenically fractured injection moulded
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FIGURE 5.41: Scanning electron micrographs obtained from
cryogenically fractures of PET/MXD6 (80/20) blend: (a)
extruded pellets; (b) injection moulded plaques
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FIGURE 5.42: Scanning electron micrographs obtained from
cryogenically fractures of PET/MXD6 (70/30) blend: (a)
extruded pellets; (b) injection moulded plagues
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(a) extruded pellets; (b) injection moulded plaques
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cryogenically fractured biaxially drawn PET/MXD6 (70/30)
samples drawn at 120°C (a) samples from the middle, (b)
samples from the shear region
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5.3.4 Density Results
The density results of biaxially stxretched PET/MXD6 (70/30) blends

(blend with very low shrinksge) are presented in Figure 5.45 for
samples taken fram the middle. These show that for the same draw
ratio the highest density is obtained for the material showing the
lowest shrinkage. Therefore it is possible that the major factor
governing shrinkage is the increase in density resulting from the
stresé—induced crystallisation and not the overall density.
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CHAPTER 6
DISCUSSION

6.1 UNIRXIAL STRETCHING EXPERIMENTS

As a result of the investigation carried cut, a relationship between
shrinkage, density and thermal data (DSC) can be obtained, the percent
crystallinity, calculated from both DSC and density results, are
presented in Figure 6.1, as a function of the drawing temperature.

These results show, however, that the % crystallinity calculated from
DSC data displays a minimum at dr'aw temperature of 100°C, which
corresponds to the tamperature at which maximm shrinkage is observed.
These observations are in agreement with those obtained by Sun and
Magill [65], who explained that by not taking into account the
exothermic nature of the shrinkage process, and the enthalpy
associated with it, the calculated values for the degree of
crystallinity from DSC data are not correct. Since at a draw
temperature of 100°C a high shrinkage is obtained, the "heat of
shrinktage" could increase the recorded heat for "cold" crystallisation
(4H.) in the DSC scan; this could therefore be cne of the reasons for
the high value of AH, obtained at that temperature. At a draw
temperature of 80°C the percentage crystallinity obtained by DSC is
very high due to stress-induced crystallisation giving rise to a high
level of orientation, as it was found later fram the birefringence
measurements. Since shrinkage at this temperature is very low, the
shrinkage contribution to the increase in 4H, is negligible as shown
in Figure 6.2.
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At a draw temperature of 125°C and above the percent crystallinity,
calculated from DSC is high and reaches a plateau due to the onset of
thermal crystallisation, which is confirmed by the observation that
the drawn samples become hazy to opagque at draw teamperatures around
150°Cc. As shown in Figure 5.1, the shrinkage at these high draw
temperatures 1s quite 1low, owing to the onset of thermal

crystallisation, which also minimises shrinkage.

As shown in Figure 6.1 the crystallinities calculated from DSC results
are different form those obtained fram density in the temperature
range, between 80°C and 100°C, which is in agreement with those
obtained by other workers [65,66,67], and therefore confirm that the
crystallinity estimated by DSC for oriented materials has to be
con;'ected by other independent measurement techniques, such as density

measuraments.

It is found, however, that the percent crystallinity calculated from
density results is lower at all drawing temperatures and especially at
drawing temperatures of 80°C and 90°C. Since no thermal
crystallisation is known to occur at these temperatures but only
stress-induced crystallisation, this could lead us to conclude that
any increase in density due to the orientation of the amorphous phase
has to be smaller than that due to thermal crystallisation. This
would then explain the reason why the crystallinity calculated from
density is lower for drawing temperatures of 80°C and 90°C.

At a draw temperature of 100°C and above the crystallinity data
estimated from density are closer to those obtained by DSC, confirming
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once more that the density is more sensitive to thermal
crystallisation than to stress-induced crystallisation. However the
two methods could be used for a better estimation of the crystallinity
for oriented samples and to identify whether molecular disorientration
effects associated with shrinkage may contribute to the DH values for
crystallisation and melting.

Fram the density results present in Figures 5.12 and 5.13 it is shown
that the increase in density with draw ratio is practically
independent of draw temperature in the range 80°C-100°C, except at the
highest draw ratio (DR = 4:1). In the latter case density increases
with increasing stretching temperature, undoubtedly due to the
enhanced rate of crystallisation [140], confirming again the increase
of crystallinity with drawing temperature for a DR = 4:1.

It is well established [66-141] that the onset of crystallisation is
not the only cause for the density increase in oriented PET: the
density of the amorphous phase itself is orientation-dependent.
Conclusive evidence of this point of view has been recently reported
by Ward and others [142], who attribute the observed density increase
mainly to the increase in trans-content in the amorphous phase at draw
ratio DR <3.5:1.

Moreover the shrinkage results presented in Figure 5.1 are in
agreement with those obtained by DeVries et al [43] who suggested that
for DR € 2:1 the elongational strain is completely recoverable on
heating the material above its Tg and ascribed this recovery behaviour
to the deformation of an amorphous rubber-like network. For DR » 2:1,
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on the other hand, shrinkage decreases with increasing draw ratio due
to the evolution of a crystalline phase which opposes the recovery of
the amorphous phase, thereby conferring dimensional stability to the
drawn material. Moreover, this significant reduction in shrinkage is
also attributed, as it was reported by Pereira and Porter [98], to the
increase of crystallinity. The crystallites formed during stretching
act as immobile crosslinks and restrict shrinkage. This inverse
relationship between shrinkage and crystallinity has also been put
forward by Smith and Steward [140] in their study of the rate of
crystallisation in drawing PET sanples.

An analysis of the DSC data reveals same very interesting correlation
between the thermal characteristics of the samples and the recorded
shrinkage values, as shown in Figures 6.2 and 6.3, these show that
shrinkage is directly proportiocnal to the residual heat of
crystallisation, irrespective of the drawing temperature of the
sample. From Figures 6.2 and 6.3, on the other hand, one can deduce
the degree of crystallinity and peak crystallisation temperature for
the drawn samples that must be developed in order to eliminate

shrinkage.

It would seem however that for moncaxially drawn samples shrinkage is
atitsminimnvmenﬂmesamplesaredrawnattmtperafuresaromdthe
Tg of PET.

A relationship between crystallinity and birefringence is presented in
Figure 6.4. It is shown that crystallinity is directly proportional to
birefringence. Moreover it is shown from Tables 5.3 and 5.4 that at
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temperatures below those causing thermal crystallisation, the lowest
shrinkage is obtained for the samples exhibiting the highest
birefringence, the highest % crystallinity and a strain hardening
behavicur during drawing (see Tables 5.3 and 5.4). This illustrates
again that stress-induced crystallisation is the cause of the low
shrirkage cbtained at drawing temperatures 80°C and 90°C. Conclusive
evidence of this point of view has also been reported by De Vries et
al [43].

It is noted (Figure 5.3) that at the draw temperature of 100°C a very
low shrinkage is obtained for samples drawn at 6:1 at a stretching
rate of 500 mm/min. This suggests that at this temperature, owing to
the high mobility of the chains, one has to use a high draw ratio and
a high strain rate to prevent the relaxation of orientation in the

amorphous phase.

These data are in agreement with the work of De Vries et al [43] wiv
suggested that the rate of deformation has to be much higher than the
reciprocal of the characteristic relaxation time of the polymer
network in order to awvoid discrientation during stretching. They found
that the stretching stress increases with increasing strain rate and
with decreasing temperature. Therefore if the temperature is
increased, energy dissipation assumes greater importance in comparison
to the storage of elastic energy owing to a concomitant reduction in
viscosity and relaxation time of the polymer. Lowering the strain
rate has a similar effect to increasing temperature because the
corresponding increase in time of straining required to attain a given

value of strain, allows more disorientation to occour (due to
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disappearance of network Jjunctions). This explains why a low
birefringence, a low % crystallinity and a high % shrinkage is
obtained at stretching rate of 200 mm/min for the samples drawn at
100°C.

For the annealed samples, as shown in Figure 5.7, shrinkage is
reduced, for all drawing temperatures, and reaches zero at the
annealing temperature of 150°C. These results are in agreement with
the work done by Misra and Stein [45] who reported that when drawn PET
- samples are annealed at temperatures above Tg, the molecules rapidly
rearrange to relieve the internal stresses, which is responsible for
the reduction in shrinkage. Spruiell et al [143] further suggest that
the removal of the internal stresses upon amnealing is accampanied by
melting of imperfect crystals, which is followed immediately by rapid
recrystallisation. This could explain the presence of a second
melting peak, at temperatures 10°C to 20°C above the annealing
temperature, in addition to the original melting endotherms in the DSC

traces.

6.2 BIAXIAL STRETCHING EXPERIMENTS

From the results presented in Sections 5.1 and 5.2 a relationship
between uniaxial and bilaxial stretching experiments can be obtained.
To illustrate this the shrinkage results for both experiments at
different drawing temperatures are presented in Figure 6.5. It is
found that at a draw ratio (DR) of 2':1 shrinkage decreases with
increasing drawing temperature for both uniaxial and biaxial stretched

samples. This is due to a low level of orientation, while

151



contribution to the development of crystallinity from stress-induced
crystallisation is negligible.

At the higher draw ratio of 4:1 for uniaxially drawn samples (UDS) and
3.5:1 for biaxially drawn samples (BDS) the minimm in the shrinkage
temperature curve is shifted fram 80°C for UDS to 110°C for BDS. These
results are in agreement with the work of M, Cakmak et al [28],
confirming that at 80°C the crystallisation due to thermal effects is
negligible [144] and only stress-induced crystallisation can take
place at DR > 3:1. As the drawing temperature increases to 100°C and
110°C, the effect becames more camplex because thermal crystallisation
makes a significant contribution to the development of crystallinity
for both UDS and BDS samples.

Moreover, from the shrinkage and crystallinity results presented in
Figures 6.1 and 6.6, it is found that the % crystallinity at 80°C is
much higher for UDS than for BDS, but it increases with drawing
temperature for BDS. Conclusive evidence of this behaviour has been
reported also by M. Cakmak [28] who found that stress-induced
crystallisation and thermal crystallisation have a cumilative effect
on the overall crystallisation behaviour of biaxially stretched

samples.

From the results presented in Section 5.2, a relationship between
shrinkage, % crystallinity and the extent of orientation is found for
samples biaxially drawn for experiments carried out for both with and
without superimposed shear deformations.
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In Figure 6.6 is shown the % linear shrinkage versus % crystallinity

(calculated from DSC), for samples taken from both the middle and the
shear regicns of samples drawn by the biaxial stretching jig of square
samples (Figure 3.2(a)) without externally imposed shear deformations.

It is shown that shrinkage 1s inversely proportional to %
crystallinity, i.e. samples wi‘@h the highest amount of crystallinity
show the lowest shrinkage. This is in fact the case of the samples
taken from the shear region. Moreover, X-ray studies carried ocut by
Guerra [145] on these samples (as a scientific collaboration) have
revealed the highest amount of orientation, particularly samples drawn
at 90°C and 100°C, see Appendix C. On the other hand a much lower
amount of orientation is observed for the samples taken from the

middle, particularly samples drawn at 110°C which appear to be without

orientation.

These results are in agreement with the DSC results, confirming that
samples with high orientation show also a high amount of
crystallinity, while those with low orientation show low amounts of
crystallinity. Moreover the increase of crystallinity as a result of
orientaticn is caused by stress-induced crystallisation and not by
thermal crystallisation, since samples drawn at 110°C appear to be
without orientation and with low amounts of crystallinity, resulting
from thermal crystallisation. Furthermore the samples drawn at 110°C
and above become hazy/opague but they are transparent when drawn in
the temperature range of 80°C to 100°C. This makes the increase of
crystallinity due to stress-induced crystallisation more suitable than
thermal crystallisation for the production of transparent bottles with
low shrinkage at high temperature.
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From the shrinkage results presented in Section 5.2 it is shown that a
much lower shrinkage is obtained for the samples stretched under
cambined biaxial drawing with shear deformation than for the samples
drawn biaxially with pure biaxial extension. This is mainly due, as it
is shown in Figure 6.7, to the increase of crystallinity as a result
of stress-induced crystallisation caused by the shear deformation,
Moreover, it is found that as the shear extension ratic increases, the
shrinkage decreases and the crystallinity increases (see Figures 5.17-
5.18 and 6.7). These results reveal that the shear-induced
crystallisation is the main cause for the increase of crystallinity
and, therefore, to the reduction in shrinkage. Conclusive evidence
for this observation has also been reported by M.S. Chum and B.C Tsai
[146] in their study of shear induced crystallisation of polyolefins.

6.3 EVALUATION OF BLENDS

The shrinkage and DSC results of PET/PC and PET/PA blends with and
without phencxy presented in Section 5.3, reveal some very interesting
correlations between the thermal characteristics of the moulded
samples of both PET/PC and PET/PA blends, and the recorded shrinkage

values.

It is shown, however, that the Tg of PET is increased by the use of an
amorphous high Tg compatible polymer, such as polycarbonate (PC) and
polyarylate (PA), but the dimensional stability of the biaxially
stretched sanples does not improve. Moreover the DSC data show that
by using PC and/oxr PA the crystallisation rate of PET is decreased
resulting in a higher value for cold crystallisation temperature (’I‘c).
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The increase of T, could be the reason for the high shrinkage obtained
since the crystallisation of PET has slowed down owing to the greater
freedanofthepolynerdxainstoreleaseﬂmeintexnalstiesseswhen
heated at high temperature.

These results, however, strongly suggest that it is not the Tg of the
biend that determines the level of shrinkage exhibited by the drawn
products, but the amount of residual crystallisability of the polymer
after drawing [147]. '

The SEM results, on the other hand, show that for PET/PC and PET/PA
(up to 20% PC or PA) blends, a ohe phase morphology is obtained,
-apd - only one Tg is recorded by DSC. This confirm = . - - the fact
that these blends are compatible but not molecularly miscible as it
was confirmed by Kin and Burns [148]. As the amount of PA increases
to 30% the campatibility of the blend is improved and especially when
a small amount of phenoxy (PH) is added to the blend. This strongly
suggests that transesterification reaction takes place between the two
camponents PET and PA whereas some crosslinking reactions could occur
between PH and PA, which make the sample more brittle and not
stretchable. Supporting evidence for this suggestion can be found in
the work of Robeson [121], who found that the polyarylate-PET phase
separate before ester exchange reaction takes place, but display a
single phase after ester-exchange. A crosslinked single phase has been
suggested when PA is mixed with phenoxy.

It is interesting to note that sample stretchability as well as the
level of crystallinity are reduced when ester-exchange reaction occurs
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when blending PET with PC and PA and that a completely amorphous
material is obtained, as shown by DSC, when a single phase system is
observed. This confirms that as the amount of PA, PC or PH increases
within the blends, the crystallinity is reduced due to ester-exchange
or crosslinking reactions and, therefore, a one phase system is
observed by SEM., This explains the reason why a stabiliser had to be
used to inhibit the ester-exchange reaction for PET/PA blends.

The SEM results confirm the effectiveness of the stabiliser in
inhibiting these reactions and two phases are clearly obsexved These
results are in agreement with those obtained by Cheung et al [138]
canfiming that the addition of an organcphosphite to PET/PA blends
effectively retards the ester-exchange reacticons.

When this stabiiiser is used, however, in PET/PA/PH blends the
material is still not stretchable, only one phase is observed by SEM,
arnd therefore, crosslinking reactions between PA and phenoxy are not
prevented.

Totally different results are obtained, on the other hand, from
shrinkage, DSC, density, and SEM results for PET/MXD6 blends presented
earlier in Section 5.3, a relationship between % crystallinity
calculated from DSC and shrinkage for PET/MXD6 (70/30) (i.e. blend
with the lowest shrinkage) is presented in Figures 6.8 and 6.9.

It is shown, however, that although the Tg of the blend has not been
increased, the shrinkage is reduced. The crystallinity of PET, on the
other hand, has not been affected and almost the same T, value as PET
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is obtained (see Table 5.13). This confirms the pattern that has
continually emerged throughout this work that it is the crystallinity
of the samples which determines the level of shrinkage and not the Tg.

Fram Figure 6.9 it is found that the shrinkage of PET/MXD6 (70/30)
taken from the middle of the biaxially drawn samples is inversely
proportional to the % crystallinity calculated from DSC. Also the DSC
- data showlthat two T, values are obtained for these blends after
stretching, suggesting that the lower T, is associated with MXD6 and
the higher T, being the one associated with PET. The fact that MXD6
has a lower T, than PET means that MXD6 will crystallise first under
stress and, therefore, may act as a nucleating site for the subsequent
crystallisation of PET in PET/MXD6 blends. This could explain the
reason why a very low shrinkage is obtained, especially when the
amount of MXD6 increases to 30%. This explanation is in concordance
with the work reported by Chu and Tsai [146] on PP/HDPE blends,
showing that the HDPE phase acts as a nucleating site for 'the
crystallisation of PP. The DSC and density data show that a higher
amount of crystallinity is obtained in the samples taken from the
shear part compared to the samples taken from the middle. Moreover
very low shrinkage is obtained for the shear region samples, therefore
the effectiveness of shear deformation to reduce shrinkage is also

applicable to blends composed of crystallisable polymers.

Note that even in the absence of thermal crystallisation all the
stretched samples were transparent, although the SEM results show two
distinct dispersed phases. This is due to the fact that the refractive
indices of these two polymers are identical {see Appendix C) and
therefore the transparency of the blend is not affected.
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It is interesting to note that the first T, for PET/MXD6 (70/30)
blends after drawing corresponds to the T, value (72°C) extrapolated
in Figure 6.3 for a sample with zero shrinkage.
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CHAPTER 7

CONCLUSIONS AND SUGQESI_IONS FOR

FUTURE WORK

From the present study it can be concluded that:

1.

The main factors controlling the level of shrinkage of oriented
products, when subsequently exposed to high temperature, is the
dégree of crystallinity developed during drawing i.e. the stress-
induced crystallisation. The higher the crystallinity developed
during stretching the lower is the shrinkage.

By using faster rates of stretching the minimm level of post-
drawing shrinkage i.e. when the product is exposed to high
temperatures, occurs at higher draw temperatures. This is also
assoclated with the highest 1level of stress-induced
crystallisation taking place at higher temperatures.

The post-processing shrinkage seems to decrease with increasing
thickness of the original sheet, for both nucleated and non-
nucleated samples. This is due to the higher level of
crystallinity developed in the thin samples during preheating in
the air oven of the tensile machine before stretching, which

decreases the amount of crystallinity developed during

stretching.

It is suggested, however, that further work could be carried ocut
to study the effect of thickness on shrinkage by using a
different heating source, e.g. infra-red heaters, which generate
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5.

heat within the bulk of the material, thereby minimising
differences in level of crystallinity developed with changing
sample thickness.

Inposing in-plane shear deformations during axial stretching
Increases the amount of stress induced crystallisation and
therefore, reduces the high temperature shrinkage of the drawn
samplés. The required shear deformations for the expansion of
tubular products, such as bottles, would have to be applied
through torsions caused by the rotation of the "spigot" during
the vertical stretching of the preform. |

The amount of shear required to achieve the best results for a

given axial draw ratio is not known. Hence further work could be
carried out to evaluate how the relative ratio of shear to
biaxial extension affects the kinetics o©of stress induced
crystallisation and the extent orientation of the crystals. It
would be of interest to study also such a phencmenon in relation
to diffusion properties.

PET/PC and PET/PA blends exhibit a higher Tg than the base PET
polymer for all compositions evaluated in this study but the
level of shrinkage at high tenmperature remains high. This high
level of shrinkage is caused by the decrease in the amount of
crystallinity that is being developed during stretching owing to
the reduced molecular mobility of PET chains in the blend.
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By blending PET with polymethaxylene adipade (MXD6), the Tg of
the blend is the same as for pure PET but the post-orientation
shrinkage is lower due to larger amounts of stress-induced
crystallisation develcped as the result of possible mucleating
effects of MXD6 on PET. This effect needs further study, e.g.
WAXS, in order to understand better the crystalline nature of the
blend and to evaluate the difference between the crystal
orientation of the two polymer phases.

By using 30% M{D6 in the blend the post-orientation shrinkage
decreases to very low levels, suggesting that this blend could be
used for the production of biaxially oriented products exhibiting
dimension stability at high temperatures. |
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APPENDIX A

TABLE Al: DENSITY RESULTS OF UNIAXIALLY DRAWN PET SAMPLES FROM THICK
SHEETS (0.8 mm) AFTER ANNEALING

Drawing Draw Drawing  Amealing % Shrinkage Density
Temp  Ratio Speed Temp (°C) in boiling (g/cm3)
(°c) nm/min water
80 2:1 200 150 ) 1.3709
80 2:1 200 180 0 1.3769
80 4:1 200 180 0 1.3783
90 2:1 200 180 0 1.3752
90 4:1 200 180 0 1.3778
100 4:1 200 180 0 1.3787

TABLE A2: DENSITY RESULTS OF UNIAXIALLY DRAWN PET SHEETS OF

0.40 mm
THICKNESS
Material Drawing Draw Ratio Drawing % Shrinkage Density
Temp (DR) Speed in boiling  (g/awd)
(°c) mm/min water
Nen-nucleated .
PET sheots 80 3:1 200 15.55 1.3555
Nen-nucleated .
PET e 80 4:1 200 13.8 1.3563
Nucleated Ca 80 41 2 11.8 1.3593
Montanate (0.5%) 00
Non-nucleated a0 4:1 200 27.77 1.3590
Nucleated Ca S0 4:1 200 6.67 1.3608

Montanate (0.5%)
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FIGURE A1,

CALIBRATION CURVE FOR DENSITY TESTS OF UNIAXIALLY DRAWN QET
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FIGURE A2: CALIBRATION CURVE FOR DENSITY TESTS OF PET/MXD6 (70/30) BLEND
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APPENDIX B



% Crystallinity of drawn samples

y = 33.872 - 0.79916x R*2 = 0.723
y = 39.596 - 0.55016x R*2 = 0.923
40
B  Uniaxial{DR=4:1)
(o]
A Biaxial(PR=3.5:1)
30 - 2
B
a
20 A
10 v T v L]
0 10 20 30

% Shrinkage In bolling water

Figure B1: Relationship between % crystallinity of drawn non-
nucleated thick PET samples(0.8mm) and shrinkage in boiling
water
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y = 0.12828 + 0.18988x R*2 = 0.996 g

DHC(Cal/g)

o T T ¥ 1 v L |
0 10 20 30

% Shrinkage in bolling water '

Figure B2 : Relationship between the heat of cold crystallisation temperature(DHC)and shrinkage
in boiling water for uniaxially drawn thick PET samples (0.8mm} at 80 C for DR=4:1
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APPENDIX C

REFRACTIVE INDICES RESULTS

The refractive index of PET and MXD6 has been evaluated by using the
Abbe refractometer (see Chapter 1, Section 1.3.1 for the principal
measurements of the refractive indesx).

The results showed that the refractive indices of these two polymers
are identical and equal to 1.582.
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(a)

(b)

FIGURE Cl: Wide angle X-ray pattern of biaxially drawn non-nucleated

PET samples at TD = 90°C and DR = 3.5:1
a) samples taken from the middle region
b) samples taken from the shear region
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(a)

(b)

FIGURE C2:

Wide angle X-ray pattern of biaxially drawn non-nucleated
PET samples at TD = 100°C and DR = 3.5:1

a) samples taken from the middle region

b) samples taken from the shear region
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(b)

FIGURE C3: Wide angle X-ray pattern of biaxially drawn non-nucleated

PET samples at TD = 110°C and DR = 3.5:1
a) samples taken from the middle region
b) samples taken from the shear region
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