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PREFACE

The work reported in this thesis was carried out at
Sheffield Hallam University between October 1987 and
September 1991 whilst the candidate was registered for a

higher degree.

The éandidate has not during the above period of
registration for the degree of Ph.D been registered for
any other award or University degree. The results presented
here are as far as can be certain, original except where

reference has been made to previous work.

In accordance with the regulations covering the Total
Technology PhD. in Industrial Metallurgy, a course in
Metallurgical Process Management was successfully

completed.

The performance of the candidate during this course
was assessed by means of written examination and continuous

assessment.
The details of the course are given below :-

MODULE 1
a) Process Metallurgy
b) Mechanical Metallurgy

c) Advanced Thermodynamics



a)
b)
c)

d)

MODULE 2

Accountancy

Micro-Economics and Financial Control
Computational Methods and Operational Research

Operational Research

MODULE 3
Quality Assurance
Metals and Competitive Materials
Atmospheric and Pollution Control
Solidification of Alloys
Stainless Steels

Automatic and Computer Aided Control of Metallurgical

Operations

MODULE 4

Three industrial case studies, one of which is related

to the current work, 1is presented in this thesis in

Appendix II.

a)

b)

In addition, two conferences were attended :-

Flow Processes in Composite Materials, 17 - 18th May,
at Brunel University, 1988

Golden Jubilee Meeting of the British Society of
Rheology and the Third European Rheology Conference,

at Edinburgh University 2 - 7th September, 1990
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THE RHEOLOGY OF LIQUID CRYSTAL POLYMER BLENDS

SUBMITTED FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

BY

M. HAWKSWORTH

ABSTRACT

The present studies are concerned with the observation
and explanation of the interaction between liquid crystal
and isotropic polymers. An investigation of the rheological
behaviour has been carried out on blends containing small
additions of a main chain thermotropic 1liquid crystal
polymers using capillary rheometry. Samples of these blends
were moulded and tested using a Hounsfield tensometer and
a Houndsfield swinging arm impact rig. The addition of a
small amount of liquid crystal polymer was found to have
a major effect upon both the rheological and morphological
properties of the base material. This indicates the liquid
crystal polymer can be used as a processing aid. A
reduction of viscosity was noticed in all of the tests
carried out and is attributed to the change in morphology
induced by the addition of liquid crystal polymer. It would
be of great benefit to the polymer processor if an
understanding of the mechanisms involved could be
highlighted. It is felt that the large interfacial area
created between the binodal and spinodal has a bearing on
the viscosity reduction. The morphology was different for
material in the centre and the skin regions. The
characteristic skin/core morphology was seen in all samples
produced above a critical amount of liquid crystal polymer
and temperature. The interaction between the liquid crystal
polymer and the base material was explained using a model
which predicted the velocity profiles given the shear rate,
consistency constant and shear thinning index of the
blends. The interface position is important because on one
side of the interface the material is subject to
elongational forces and compressive forces on the other.
The elongational forces extend the LCP domains inducing an
imposed morphology on the isotropic matrix. This could be
seen in extruded and injection moulded samples, in the form
of highly orientated surface skin layers. The orientation
in the skin layers improved the barrier properties of the
resultant blends, by allowing molecules in the surface
layers to pack more closely together.
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CHAPTER 1: INTRODUCTION

1.1 HISTORY AND BACKGROUND OF LIQUID CRYSTAL POLYMERS
The use of LCP's as processing aids when added to
engineering polymers has been known for some timel!. This
work is concerned with gaining a better understanding of
the mechanisms involved. Firstly a basic understanding of

LCP's is necessary.

Reinitzerz, an Austrian botanist, was the first person
to show the existence of a liquid crystalline state in
1888. His work showed that certain cholesteryl esters
exhibited two apparent melting points, between which the
material was cloudy, but fully liquid. The first completely
synthetic compound to exhibit such characteristics was
p-azoxyanisole}*., The discovery of these unusual new
materials led to the nomenclature of flowing crystals
(1889), crystalline liquids (1890) and liquid crystals
(1900). By the early 1900's research on liquid crystalline
materials had begun in earnest with several German
scientists working in the field, Lehmann®, Schenk® and
Vorldnder’. The 1last of these realised that liquid

crystalline materials existed, in 1923:-

'What happens to the molecules when one makes them
longer and longer? Will the liquid crystalline state
disappear? From my experience there is no limit to

that state by chain elongation unless the substances



could not melt any more without decomposition and
could not be seen under a microscope. Starting from
the p-oxybenzoic acid, Klepl and later Emil Fischer
and his collaborators had already obtained long
chains, but did not realise their liquid crystalline

character'.

Friedel® was the next German scientist to research the
area of liquid crystalline materials further and
subsequently devised the classifications used to the
present day. The 1930's saw the development of polyamides
at DuPont. They proved difficult to synthesise and it was
not until the 1950's that it was discovered that diacid
chlorides and diamines could be prepared using interfacial
polymerisation.

Work by Flory in 1956 predicted lyotropic behaviour®
and this theoretical prediction was well demonstrated in
the synthetic polymer area with the work of Kwolek at Du
Pont, leading to the later patents issued by ICI! and

Carborundum!?.

These patents,.however, made no reference to
liquid crystalline behaviour. Throughout the 1960's, high
molecular weight fully aromatic polyamides were developed
by workers at DuPont!l"?, The development and investigation
of p-linked aromatic polyamides led to the discovery of
liquid crystalline solutions characterised by Kwolek!/.

Continuation of this work by Kwolek at the DuPont

laboratories led to the development of Kevlar, a lyotropic



dry jet wet spun aromatic polyamide fibre. Further work
carried out at the DuPont laboratories concentrated on
copolymers containing ring substituted monomers such as

20,25 ppart

chloro, methyl or phenyl substituted hydroquinone
from these wholly aromatic polyesters, an LCP was developed
by Eastman-Kodak (XG7) with a flexible spacer in which poly
(p-hydroxybenzoic acid) HBA is modified with flexible
poly(ethylene terephthalate) PET. The polymer exhibited the
phenomenon of opaque melts, low viscosities and anisotropic
properties. This gave early indications that some
polyesters possessed liquid crystalline behaviour, and was

21-24  phere was subsequent

cited by Jackson and co-workers
work on a series of copolyesters prepared by the acidolysis
of PET with p-acetoxybenzoic acid. The next generation of
liquid crystalline materials was patented by Schaefgen,
Kleinschuster and Pletcher”ig, with a final third
generation which were developed by Calundann and co-

29-33 at Celanese, who issued patents in 1978. PET

workers
itself although partly-crystalline has been available
commercially since the early 1950's and played an important

.35 overviews

role as a synthetic fibre for over 25 years
of this area through the 1980's have been given by

Jackson¥® and Jin¥.

The 1980's saw brand new polymers on the market,
Kevlar fibres from DuPont, Vectra from Celanese, Xydar from
Dartco (now from Amoco) and the SRP range from ICI (now

withdrawn from the market place).



The structure of SRP1 consists of units of
hydroxybenzoic acid (HBA), terephthalic acid (Ta),
isothalic acid (IA), and small amounts of hydroxynapthoic
acid (HNA). The bent rigid unit IA provides the necessary
disruption to give the liquid crystalline behaviour. The
VECTRA polymer, manufactured by Celanese is produced using
more expensive constituents namely HBA and HNA (in this
case the HNA crankshaft unit is used to disrupt the

linearity of the molecule).

In Japan under joint development programs with Nippon
Telegraph and Telephone Corporation (NTT), Unitika Ltd.
developed a liquid crystal polyester. Mitsubishi Chemicals,
also under joint development with NTT, achieved similar
results¥®. At the present time, there is the capability of
manufacturing several different varieties of LCP. Recent
studies using macromolecules with rigid rod and flexible
segments gave promising results, although more work is
needed to explain the phase formations. In recent years,
many academic research groups have worked on the synthesis

and characterisation of liquid crystalline polyesters.

1.2 CRYSTALLINITY

Simple science texts explain that matter exists in
three states; solid, liquid and gas. A solid can be defined
as any substance that responds elastically to a shear
stress. On the other hand liquids and gases can be

categorised as fluids, substances which do not deform



elastically to shear. Certain organic materials do not
show a single transition from a solid to liquid phase, but

a series of transitions involving new phases. A phase 1is

defined as follows :-

'A region within which all the chemical and physical

properties are uniformly the same®'.

Crystalline materials have atoms in a three-
dimensional pattern which repeats over a long rangem.
Non-crystalline 'solids' such as glass, pitch and many
amorphous (from the Greek meaning 'without form') polymers
can be considered as extremely viscous liquids in terms

of their physical and mechanical properties, having atoms

that are irregularly and randomly arranged.
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FIGURE 1.1 - Transitions in amorphous polymers



If an amorphous polymer is sufficiently cold, no
chains or parts of the molecule can move: the polymer is
frozen in a rigid glassy state. On slow heating the f
transition temperature Ty is reached, at which the side
groups have sufficient energy to rotate. There is an
associated reduction in modulus (see figure 1.1). On
further heating the glass transition temperature, Tqs is
reached accompanied by a drop in the modulus of several
orders of magnitude and by thermal expansion. The closer
the temperature to the Ty the more pronounced is the main

chain movement, and the more time dependent is the

stiffness of the polymer.

Many so called non-crystalline polymers do possess
some highly ordered regions known as fringed micelles
(similar to crystalline polymers). These are often linked
together by long chain molecules, which extend from one
micelle (region of crystallinity) to another (see figure
1.2). Since intermolecular bonding is weak (Van der Waals
forces), these regions tend to be both small and imperfect,
especially over long range (bearing in mind the cumbersome

chain molecules).

1.3 LIQUID CRYSTALLINITY OR MESOMORPHISM
The attributes of liquid crystals are intermediate
between those of a liquid and a crystal, (a substance

which has an ordered and regular internal atomic
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FIGURE 1.2 - Fringed micelles in polyethylene showing
one molecule (X) extending between two
micelles.

arrangement), hence the term liquid crystallinity,

expressing this dualism of physical properties. Many small
molecules and some polymers exhibit liquid crystalline
behaviour. The common molecular feature is an elongated
rod-like or lath-like structure usually based on a highly
aromatic intransigent backbone, with flexible end groups.
All of these individual molecules within the backbone chain
orientate approximately parallel to a particular direction
(director). The degree of alignment between the directér
and the molecular axes is defined by the order parameter

as follows :-

s =0.5 (3 cos?0 - 1) (1.1)

where :-

n
]

order parameter

@]
n

angle between molecular axis and

the director



The value of 's' denotes the degree of order within

the system for values of (s=0) in isotropic systems to

(s=1) for a perfectly aligned system. If this orientation

is present as a long range order then a nematic, smectic

or cholesteric liquid crystalline material is formed. The

various classifications of thermotropic 1liquid crystal

polymers will be defined in a later section. There are two

rules that can be established about the structure of LCP's

from the data published to date :-

i)

ii)

“the polymer backbone should contain a high level of

aromatic moiety, which is essential for the formation
of 1liquid crystalline domains ‘as well as for the
chemical stability of the macromolecules; and

the two atom polar groups linking the aromatic rings
play only a minor role as far as the 1liquid
crystalline behaviour is concerned. The linkage

determines both the chemical and optical stability.

Liquid crystal polymers may be sub-divided into

two broad categories :-

i)

ii)

lyotropic, in which the phenomenon occurs in
solutions and depends upon the concentration¥ of
the liquid crystal additive or mesogen; and

thermotropic, in which the phenomenon occurs in
the melt phase and is dependent wupon the

temperature®,



1.4 LYOTROPIC LIQUID CRYSTAL POLYMERS

Lyotropic liquid crystalline materials are formed in
solution. Aromatic polyamides constitute the most important
class. Such solutions exist in the nematic phase within
certain limits. Some criteria for the formation of a

nematic phase instead of an isotropic phase are :-

i) polymer concentrations above a critical value;
ii) polymer molecular weight above a critical value; and

iij) temperature below a critical value.

Lyotropic polymers are processed in solution to form
fibres such as Kevlar. The solvent is then flashed off and
the remaining fibre is heat treated. The solvent production
method is necessary because the bonds in the backbone chain
are so intransigent they decompose before softening
sufficiently to flow. These inflexible molecules decompose
if processing 1is attempted using a conventional melt

processing route.

The transition from the isotropic to the nematic phase
was predicted by Floryg, as previously mentioned. The
research carried out in the present study was solely on
thermotropic 1liquid crystalline materials and so the

remainder of the review will concentrate on them.

1.5 THERMOTROPIC LIQUID CRYSTAL POLYMERS

In contrast to the lyotropic systems, thermotropic



polymers do not require solvents for the formation of a
liquid-crystalline phase, which is created over a definite

temperature range.

Brostow® has written a full review on the
classifications of liquid crystal polymers and split them
into 13 major classes and sub-classes. These are described
as longitudinal, orthogoﬁal, cross, soft or rigid discs,
one-comb, palisade comb, disc comb, parallel, inverse comb,

biaxial, double and network.

The LCP's in the current study fall into the first
class, an example of which is the rigid polyester connected
at either end by another rigid or flexible spacer unit. The
author will not discuss the many different types of LCP
known, but will instead review the two main types of
thermotropic polymers: main chain LCP's and side chain

LCPp's*,

1.6 SIDE CHAIN LIQUID CRYSTAL POLYMERS

In side chain or 'comb' LCP's the mesogenic moieties

link to the polymer backbone is by flexible spacer groups
(CH,) as pendants. These groups act to de-couple the
movement of the backbone and side chains. This allows the
unfettered mesogens to move and align free of the backbone.
&It is known that the length of the spacer units has a

significant effect on the liquid crystalline behaviour.

10

)
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FIGURE 1.3 - The two different types of thermotropic

liquid crystal polymers

{Side chain LCP's are used because of their optical
properties (especially opto-electricali} They are not used
for engineering applications and as such will not be

reviewed further.

1.7 MAIN CHAIN LIQUID CRYSTAL POLYMERS

In main chain thermotropic LCP's the mesogenic moiety
is situated within the backbone itself. The LCP can be
built up of just these units, or flexible spacer units
(similar to the ones mentioned previously), can also be
incorporated into the backbone. The molecular architecture
can be tailored using flexible spacer units so that the
nematic tfansition of the polymer can be reduced. This
enables the polymer to be processed at a low enough
temperature to be melt processable but high enough to

retain molecular organisation. Experience has shown that

11



melt processing is possible only if the decomposition
temperature (T;) is greater than the melting temperature
plus 30°C (T,+30°C)* for partly crystalline polymers and
(T8400°C) for amorphous polymers. Polymers possessing a
stiff intransigent backbone are able to establish a domain
structure of high order and microscopic dimension, within
the domain itself. The overall orientation may differ from
domain to domain (similar to grains within cast metal) and
is signified by a director. It is well documented that this
quiescent texture can subsequently be altered by the
application of elongational forces, resulting in a
unidirectional macroscopic morphology. The terms macro and

micro describe the following morphology :-

i) macro - features visible with the naked eye, for
instance the wood grain texture visible in
fracture facets of LCP mouldings; and

ii) micro - features visible with the use of optical or
scanning electron microscopy, fpr instance
the highly ordered layers in the skin of

injection mouldings.

The morphology conferred by LCP gives rise to several

interesting properties, which are as follows :-

i) outstanding physical properties, namely high modulus
and tensile strengths and good impact resistance;

ii) a low coefficient of thermal expansion; and

12



iii) a high thermal conductivity in the flow direction.

The coefficient of thermal expansion of LCP is
comparable to steel. This makes LCP ideal for applications
where polymer and metal surfaces come into contact (an
example being the hot dipping of polymer circuit boards in
molten solder). The use of LCP's becomes desirable if the
previous properties could be tailored to meet customer

requirements.

13



CHAPTER 2: MOLECULAR ARCHITECTURE OF THERMOTROPIC LIQUID

CRYSTAL POLYMERS

2.1 STRUCTURE OF LIQUID CRYSTAL POLYMERS

A main chain thermotropic LCP should have:-

i) a high level of aromatic moiety in the backbone
chain; and
ii) two polar groups linking the aromatic rings to

improve the chemical stability.

Certain groups have classically been incorporated into
LCP architecture which include ester, amide, azomethine

groups and C-C double and triéé bonds.

2.2 TAILORING OF THE MOLECULE

A long linear inflexible molecule exhibits a high
degree of liquid crystalline behaviour. The major drawback
to such molecular architecture is that the highly
intransigent molecule will decompose before it softens
sufficiently to flow. Examples of such molecules are
poly(4-oxybenzoyl), poly(p-phenyleneterephthalamide),
(Kevlar) and also the homo—polyme?:p—hydroxybenzoic acid.

The design of the molecules is therefore of the upmost
importance, if liquid crystal polymers are to be melt

processable. The uniform nature of the backbone chain must

14



be disrupted to a sufficient level that mesomorphism can
occur below the decomposition temperature (T,). The
accomplishment of this gives a polymer that can be
processed in the fluid state, (thus using conventional
processing techniques), but giving the high orientation
observed in LCP's. The technique of disruption can be

accomplished in two ways:-

i) incorporation of discontinuities into the backbone;

and

ii) incorporation of ring substituents onto the backbone.

2.3 DISCONTINUITIES WITHIN THE BACKBONE CHAIN
The backbone chain can be disrupted using the
following techniques:-
i) frustrated chain packing;
ii) flexible spacers; and

iii) kinked linkages®.

With all of these techniques, it must be borne in mind
that excessive use of disruption will cause the molecule
to lose its 'rod-like' nature, leading to the formation of

an isotropic fluid with a higher viscosity and no order.

2.4 FRUSTRATED CHAIN PACKING
This 1is a mechanism that maintains the essential
linearity and stiffness of the backbone chain, but makes

close and regular correlation into a three dimensional

15



lattice difficult. Unsymmetrically substituted nuclei are
randomly sequenced and increase chain separation using

different classes of disrupter, which fall into two main

classes:—-

i) crankshaft monomer; and

ii) ring substituted groups.

2.4.1 CRANKSHAFT MONOMER

A crankshaft monomer is an aromatic molecule in which
the linkages are parallel but offset. Molecules such as the
2,6 functionally disubstituted naphthalene unit, examples
being 2,6-Naphthalene dicarboxylic acid, 2,6-Naphthalene

diol and 6-Hydroxy-2-Naphthoic acid (see figure 2.1).

2,6-NAPHTHALENE DICARBOXYLIC

HooC ACID - NDA

COOH

HO 2,6-NAPHTHALENE DIOL
AT

6-HYDROXY-2-NAPHTHOIC ACID

HooC
HNA

OH

FIGURE 2.1 - Parallel offset molecules

All of these molecules are effective at reducing the
T, to within the industrially convenient melt temperature

zone of 250-310°C, to allow the resultant material to be

16



melt processable. Figure 2.2 taken from a book by Calundann
et al¥ demonstrates that the addition of HNA to HBA causes
a decrease in the melting point: there is an increase in
the free volume associated with the disruption caused.
Additions of HNA also cause a reduction in the linearity

of the molecule, as reported by Chivers et al’,

soo A
450 [~ HBA/TA/H
400 |-
:c
T
350 -
300 B
HNA/HBA
250 |-
T 1 i 1 1
20 40 60 80
WOLEX p-HYDROXYBENZOIC ACID (HBA)
FIGURE 2.2 - Graph to demonstrate the variation of Ty

with composition for two random co-
polyesters A: without crankshaft unit
B: with crankshaft unit

2.4.2 RING SUBSTITUTED GROUPS

Morgan et al were the pioneers who developed this
approach at Du Pont!3. They showed that substituents
strongly affected the mechanical properties of heat treated

fibres. Jackson??

reported that the presence of a phenyl
substituent group on the aromatic ring had a significant
effect on the time for fibre heat treatment. The disruption
of symmetry is affected by ring substituted monomers such

as chloro, methyl or phenyl rings. Larger substituents such

as methoxy and bromo reduce the nematic mesophase
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stability, but the phenyl substituent reduces the nematic
transition to give a stable nematic mesophase. The chain
packing is disrupted by both the random occurrence of the
units and also by a steric effect which increase the chain
separation as mentioned earlier. Ring substitution alone
does not lower the T, sufficiently to permit melt
processability, large phenyl-like groups are also required.
Ring substitution can have an adverse effect on the thermal
stability of the polymer when groups such as chloro or

methyl are used (see figure 2.3).

X X=C1,CH,, Phenyl

FIGURE 2.3 - Substitution by chloro, methyl and phenyl
groups

2.5 FLEXIBLE SPACER UNITS

If a discontinuity is inserted into the backbone chain

of a thermotropic LCP three things happen :-

i) there 1is a decrease in the polymer transition
temperature;

ii) an even-odd =zig-zag effect occurs on the
nematic/isotropic temperature (see figure 2.4)
which is related to the length of the flexible
spacer”; and

iii) there is a change in the molecular packing

structure.
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FIGURE 2.4 - Dependence of transition temperatures on
substituent group length, T, - Isotropic

temperature, T, - Melting temperature

Flexible spacer units are built up of methyl/ethyl
groups and allow a degree of movement between adjacent
rigid segments. Another type of flexible unit is a 'swivel’
unit containing an oxy group which also allows a degree of
flexibility. Examples\of swivel or linked ring molecules
are 3,4 or 4,4 hydroxy/carboxy disubstituted diphenyl
ether, sulphide or ketone monomefs (see figure 2.5). As
their name suggests they allow a degree of rotation and
tractability between the rigid sections loweringdthe T, in

a similar fashion to methyl units.

The spacers can either be regularly or randomly

distributed. Thermotropic materials showing nematic,
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X =0,S,C

FIGURE 2.5 - Diagram to show a swivel or linked ring
molecule.

smectic and cholesteric behaviour occur in many polyesters
containing regularly dispersed flexible spacer units (see

figure 2.6).

2.5.1 REGULARLY SPACED FLEXIBLE LINKAGES
Thermotropic behaviour is observed in many polymers
that contain rigid-rod type units alternating periodically

with flexible spacer units.

FIGURE 2.6 - Main chain thermotropic LCP, with regular
flexible spacers.

The two main criteria are :-

i) the rigid rod 1length must be greatér than a
critical length; and

ii) the flexible spacer unit should be less than a
critical length dependent on the structure of

both units.
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The nematic phase becomes more stable as the
length:diameter ratio of the rigid-unit increases, and the
flexible unit length decreases. The spacer unit can also
be angular and relatively inflexible. Polymer produced from
mono-substituted p-phenylenedioxy groups and diphenyl ether
4 ,4-dicarbonyl groups are angular (120°) and give stable
nematics by suppressing the tendency to crystallise. The
nematic is the most stable, with a higher length:diameter

ratio for the rigid rod and a shorter flexible unit.

2.5.2 RANDOMLY ARRANGED FLEXIBLE SPACER UNITS

In molecules containing randomly distributed flexible
spacer units (see figure 2.7) there is a wider spread in
the nematic temperature range than for a similar regularly
distributed molecule. The inclusion of angular flexible or
rigid spacers can be included as non-mesogenic components
of thermotropic random copolymers. In these cases, the
length of both the mesogenic and spacer units are irregular
and the upper 1limit of nematic phase stability is not
reached, which leads to a reduction in strength and

modulus.

FIGURE 2.7 - Main chain thermotropic LCP with randomly
distributed spacer units.
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2.6 KINKED UNIT

Kinks can be incorporated into the backbone by using
meta-aromatic or ortho-aromatic isomers. These units are
usually ortho and meta diacids or dihydric phenols, due to

the relatively low cost of these molecules (see figure

2.8):-

FIGURE 2.8 - To show how a meta and ortho benzene ring
can be used as a kink unit.

Nomex or poly(m-phenylene isophthalamide) is an
example of a commercial flame resistant fibre produced by
using a kink approach. Structures using this type of
. disruption have less rigidity in the mesogenic structure
than for other systems, such as the ring substituted types.
This method was used by Cottis® over a decade ago to lower
the softening point of poly(p-oxybenzoyl) homopolyester.
The initial work on the meta-isomer approach was carried
out by Jackson¥ at Easton Kodak and Griffin and Cox at
1cI®. It was discovered that a low melting point polymer
could be produced by replacing HBA, HQ and TA by meta-HBA
and IA. This method would seem to be an effective way of
reducing the melting point of an LCP. Other work at
Celanese has shown that the resultant polymer is more
likely to lose its oxidation resistance and hydrolytic

stability. All current commercial LCP's are of this type.
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CHAPTER 3: PHASE BEHAVIOUR OF LIQUID CRYSTAL POLYMERS

3.1 NEMATIC PHASE

Friedel® carried out much of the early work on liquid
cryétal polymers and it was he who named the nematic
system. The term is from the greek nvpa (thread) and refers

to the thread-like defects that are commonly observed in

these materials.

FIGURE 3.1 - Structure of Nematic phase

The main features of nematic liquid crystals are listed

below :-

i) the centres of gravity of the molecules have no
long range order, .and ‘as such, ‘there is no Bragg
peak in the X-raj diffraction pattern. There is

a preferred direction along which the molecules
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ii)

iii)

tend to align. As such, nematics flow like
liquids;

there is a general order in the alignment
direction, caused Dby ‘eithep flow or stress,
which can be seen opticélly. A nematic 1is a
uniaxial medium with the optical axis along the
alignment direction.‘(?here is also complete
rotational symmetry around the alignment axis
(see figure 3.1)} and

nematic mesophaées occur only with materials
that do not distinguish between right and left.
Either each constituent molecule must be
identical to its mirror image (chiral®)) or the
system must have equal amounts of right and left
handed species (racemic). The dual aspect of the
nematic phase (i.e. liquid~like properties but
uniaxial alignment; albeit no long range order)
is shown in their nuclear magnetic resonance
(NMR) spectra. The uniaxial symmetry causes
certain line splittings, which are absent in the
isotropic 1liquid phase (caused by a random
orientation).,Nematics are anisotropic liquids
that show a low temperature phase, where the
molecules are aligned preferentially along one
direction; there are no layers present andithe
nematic state is tYpically less viscous than the
smectid, which is often less viscous than the

isotropic liquid phase.
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The molecules although ordered are not perfectly
aligned. There is a distribution of angles with respect to
an overall director, as defined previously (see equation
. 1.1). The value for S ranges from zero (for random systems)

to unity (for perfectly aligned systems).

3.2 CHOLESTERIC PHASE

The cholesteric family is so named because it was
noticed that the helical distortion found in these
materials could also be found in pure cholesterol esters.
The distortion occurs if a chiral molecule is dissolved

in a nematic liquid.

o —— A S
‘.-"‘" on——

FIGURE 3.2 - Structure of Cholesteric phase

Cholesterics are similar to nematics having no long
range positional order and a preferred direction of

molecular orientation. The structure consists of a series
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of stacked layers. Within each layer, the molecules are
packed with their long axes in the plane of the layer. The
molecular axes in adjacent layers are not parallel, but
point in slightly different directions. The progressive
twist of the molecular axes takes about 1500 layers for
the top and bottom layers to be aligned; the pitch of the
helix is of a size comparable to the wavelength of light.
This gives rise to interesting optical effects (vivid
iridescent colours) which change under the influence of
variables such as, temperature, pressure, and magnetic or

electrical fields.

3.3 SMECTIC PHASE

It was also from Friedel's® work that smectics
received their name; it comes from the greek oupnua (soap).
This arises because certain smectic mesophases have
soap-like properties. There are three main types of
smectic - A,B and C, but many other sub-types, as mentioned
previously. Even though the types are different, they are

all layered structures. As a general rule, smectics :-

i) are a layered structure where the layer thickness is
the length of one unit molecule;

ii) each layer is a two-dimensional sheet, although
within each layer the rod-like molecules are packed
irregularly; and

iii) have a structure that is optically uniaxial with the

axis being perpendicular to the layers. The structure
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is made up of rod-like molecules which pack together
in layers, which in turn stack on top of one another

(see figure 3.3).

The structure is thus organised in two dimensions,
although within each layer the rod - like molecules are
packed irregularly. Smectic liquid crystals are the most

solid, being turbid and quite viscous.
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FIGURE 3.3 - Structure of Smectic phase

Similar to conventional polymers, LCP's have phase
transformations. Polymeric crystals may form either smectic
or nematic structures on melting, a further temperature
rise will give an isotropic melt phase. If the temperature
at which the isotropi? melt is formed is higher than the
decomposition temperature of the polymer, then the polymer

will decompose before it will flow. By disrupting the
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linearity of the backbone chain by adding kinked or bent
units, the nematic transition temperature (T,) can be
reduced sufficiently so that the isotropic melt temperature
falls below the decomposition temperature. The nematic
transition temperature is reduced and the range over which
the nematic mesophase occurs can be alfered. The leyel of
disruption is important; too much disruption and the

—_—

material will no longer be liquid crystalline.

3.4 MORPHOLOGY OF LIQUID CRYSTAL POLYMERS

It is well referenced that LCP behaviour is based
around domains, as previously mentioned. The way that these
domains interact determine the flow characteristics of the
polymer. Injection moulding of LCP's gives complex flow
regimes, which give rise to three distinct regions across
the moulding, two skins, with a core sandwiched in between

(see figure 3.4).

On further examination of these three regimes it can
be seen that they split into separate smaller componentsSL
5, The skin region has a distinct morphology, with highly
ordered/orientated layers at the surface of the moulding,
becoming less ordered towards the centre of the moulding.
The orientation effect in LCP is caused when the liquid

crystalline material is subjected to elongational flow.

When filling a mould or flowing through a die, the LCP

54,55

moves in a fountain flow fashion (see figure 3.5).
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FIGURE 3.4 - Figure to show high degree of orientation

at wall, with turbulent or transverse
orientation in centre

FIGURE 3.5 - Figure to show two advancing fountain flow
fronts

This causes high levels of molecular orientation at
the flow front. This material is then pushed to the side

and eventually forms the surface skin. Ensuing material is
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not as highly ordered, hence a structural gradient is set

up within the skin layers.

The core, on the other hand, is far less ordered,
because it is subject to virtually no elongation forces,
only shear. The core is formed by later material to enter
the die/mould, which flows through the channel created
between the skin regions. It has been cited that the
orientation in the core may even be perpendicular to the
flow direction due to the deceleration and subsequent
compression of the core region. The orientation of the LCP
chain is affected by the vector of the flow profile at that
point%® across the cross section. This forms the basis for
the mathematical model which is discussed in a subsequent

section.

The skin and core region can be further subdivided
again and again until the layers or fibrils are on a
molecular level (see figures 3.5 and 3.6). From various
studies in this area, the layers/sub-layers can be divided

into three categories:-

i) micro layers - =0.005pm;

ii) sub-layers - =0.5um; and

R

iii) macro layers - =5um.

The thickness of these layers appears to be inversely

proportional to the distance from the core, that is samples
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LAYERS
0.005 ym
UNORIENTED
CORE
FIGURE 3.6 - Figure to show the macro/micro morphology
of an extruded section of liquid crystal
polymer
OUTER °"TRUE® INNER SKIN UNGRIENTED
SKIN LAYERS CORE
FIBRILS  FIBRILS  MICRD
€.905 pm 8.5 pm 5 u
FIGURE 3.7 - Figure to show the macro/micro morphology

of an injection moulded bar
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taken in the outermost layers are found to be very thin and
highly aligned. It is hoped that the LCP will confer a
degree of orientation to the blend, although the author is

unsure how large this effect will be.
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CHAPTER 4: RHEOLOGY

4.1 BACKGROUND TO RHEOLOGY
The term rheology originates from the Greek,

'rheol' - meaning flow or deformation of matter and 'ology'
- meaning science. Rheology is the science of flow and
deformation of matter and received its present name from
Professor E. C. Bingham of Lafayette College, Pennsylvania,
in 1929. In the pioneering work of the early rheologists,
the deformation of matter was divided into two simple

categories :-

i) reversible deformation, called elasticity
(Hookean behaviour) and;
ii) irreversible deformation, called flow (Newtonian

behaviour).

It is now known that many materials can experience
both reversible and irreversible deformation. If the basic
properties are 1liquid-like, the materials are called
elastic or elastico-viscous liquids; the more solid-like
materials are called viscoelastic solids. The definitions

of liquid and solid are as follows :-

'A liquid is defined as a material that will
change its shape continually (it will flow) when
subjected to stresses, irrespective of how small

these stresses may be.'’
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A solid is defined as a material that will not
continually change its shape when subjected to
stresses; for a given stress field there will be
a fixed deformation, which may or may not be

relaxed instantaneously”’.

4.2 VISCOSITY

The most widely used flow parameter is the shear
viscosity. The shear viscosity is only defined for a
certain class of simple flows called viscometric flows,
i.e. flows where the viscosity can be measured. Viscometric
flows are essentially uniform flows where the particles of
the material undergo steady shear flow independent of time.
The concept of using viscosity to measure rheological
properties was conceived by Isaac Newton®. He published

the following hypothesis:-

'The resistance which arises from the lack of
slipperiness of the parts of the liquid, other
things being equal, is proportional to the
velocity with which the parts of the liquid are

separated from one another.'

The viscosity of a fluid refers to its 1lack of
slipperiness or resistance to flow and is synonymous with
internal friction. If a shearing force (F) is applied to
the top and bottom surfaces of a liquid (see fiqure 4.1)

each of which has an area of (A) the shearing stress
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FIGURE 4.1 - Diagram to show simple shear

applied to the fluid is defined as :-

Shear Force(F) (4.1)
Area (A) of Shear Face

Shear stress (t) =

The shear strain and thus viscosity can also be

calculated, by the following equations :-

Shear displacement (S)
Distance separating surfaces (D)

Shear strain (y) =

Hence ¥ =tan® = «0 = S/D ’ (4.2)
, , Shear Stress T
Shear Viscosity () Rate of shear strain oy
ot
T
- X 4.3
1 7 ( )

If the viscosity (7) is dependent on shear rate and
there are no time dependent or visco-elastic effects, the

liquid is said to be Newtonian. In such liquids the ratio
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of the applied shear stress to the rate of shear is
constant for a given temperature and pressure. This type
of fluid is not to be confused with the idealistic

Pascallian fluids :-

'The pressure applied to a fluid at a point is
transmitted to all other points of the fluid
without loss®.

The slope of the curve is equal to the shear modulus.
If the viscosity as calculated by equation (4.3) is not

found to be constant but a function of shear rate :-

n=f{) (4.4)

The liquid is said to be non-Newtonian. In such cases,

viscoelastic effects may or may not be in evidence.

4.3 TYPES OF FLUID FLOW

This class of fluids does not obey Newton's equation,
because the dissipation of energy is either by impact
between large molecules or a dispersed second phase. In
general, polymer melts fall into this category. They do not
obey equation (4.3) and a single measurement of viscosity
is insufficient to characterise the fluid. The viscosity
of these materials is not a constant but varies with some
external influence, for example shear rate: the viscosity
is commonly referred to as the apparent viscosity (n) -

Three main classes of fluid flow behaviour are recognised
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and are categorised below :-

i) time independent fluids - the shear viscosity is
a single valued function of the shear stress.
Newtonian fluids fall into this class;

ii) time dependent fluids - the shear viscosity
depends on the shear stress and the duration of
the shear; and

iii) elasticoviscous fluids - which are viscous
ligquids but possess elastic-like solids.
Viscoelastic materials are solids that exhibit
limited flow, undergoing elastic deformation

below their TT

4.3.1 TIME INDEPENDENT FLUIDS

A Newtonian fluid is one in which the viscosity is
constant, because it does not depend upon the dynamic
independent variable (y). The 'constitutive equation' for
Newtonian fluids is:-

r=n?=n%’ (4.5)

L‘LVQ "%" = fl-ec! (ct"- ‘

The constitutive equations can be used to construct
differential equations, which can then predict the
deformation arising from any type of external strains or
stresses. The viscosity of the fluid is given by the slope
of the line from the origin to the point of reference on

the curve. Once the viscosity is measured a complete
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rheological characterisation is obtained for the material
at a particular temperature and pressure. Although single
phase low molecular weight liquids behave experimentally
as Newtonian fluids in laminar flow, polymer solutions and
melts approximate to Newtonian behaviour only at very low
shear rates or stresses. If the viscosity alters, when
there is a change in the shear rate, the fluid is either
shear thickening or shear thinning. A shear thinhing fluid
is one where the viscosity decreases as the shear rate
increases. A shear thickening fluid is one where the

viscosity increases as the shear rate increases.

If the fluid needs a finite shear stress before any
flow occurs, the fluid is classed as a Bingham plastic
fluid. The constitutive equation is as follows :-

T-1T,-ny (4.6)
T = gield sl

If the viscosity changes with time under stress at a
certain shear rate, the material is either thixotropic or
negative thixotropic. The viscosity decreases with time for
thixotropic fluids, as opposed to negative thixotropic
fluids in which the viscosity increases with time. 1In
thixotropic and negative thixotropic materials, the
structure depends upon the previous shearing history;
similarly viscoelastic materials, have a partial memory of
past deformations. A material is inelastic if it is subject
to steady shear, which subsequently stops giving an
instantaneous stress relaxation. The material is
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viscoelastic, if the stress does not return to zero
instantaneously, but follows an exponential decay curve.
Another effect is elastic recoil, which is due to long
chain molecules taking up orientation conformation on
application of stress, but on release of stress bond
rotations cause the molecules to take up random form. This
leads to contraction, in wusually one direction and
expansion in the perpendicular direction.éhe swell (see
figure 4.12). Figure 4.2 shows  the rheological
characteristics for 4 different fluids by plotting the

shear stress vs shear rate curve.

BINGHAM PLASTIC
FLUID

SHEAR THICKENING FLUID

£
~
'—l
a NEWTONIAN FLUID
&
o
&
&
SHEAR THIWCALING
FLUID
SHEAR RATE /s
FIGURE 4.2 - Graph to demonstrate the behaviour of

Bingham plastic, Shear thinning, Shear
thickening and Newtonian fluids.

A variety of rheological models have been proposed to
describe the flow characteristic of non-Newtonian fluids.

The power law model is generally adopted to describe the
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flow properties of polymer melts :-

r=Kyn=K(—‘;lr’)n (4.7)

where :-
T = shear stress (N/m’)
K = consistency constant (Ns"/m?)
y = shear rate (s!)

n = shear thinning index

The consistency constant and the shear thinning index
are sufficient to characterise the shear flow of many
polymers. The symmetry of the flow dictates that shear
stress and shear rate are zero at the centre of the pipe
or capillary and increase monotomically to maximum values
at the wall. The velocity profile, which is the integral
of the shear rate profile, is determined by the form of the
influence of shear rate on the shear stress. For Newtonain
fluids, the velocity profile is parabolic; shear thinning
fluids have less resistance to flow at high shear rates
than for Newtonain fluids. The velocity profile will be
steeper at the wall and flatter in the centre of the flow.
The lower the value of (n) the further the profile deviates
from a parabola and the more plug-like the flow becomes

/(see figure 4.3).

Equation (4.7) can also be written in a logarithmic

form :-
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FIGURE 4.3 - Graph of die diameter (ordinate) vs
velocity (abscissa) for shear thinning
indexes varying between 0 and .

log t = log K+ n log ¥ (4.8)

A log - log plot of shear stress (t) vs shear rate (y)
will yield a straight line. Reasonably straight lines can
be drawn over 1 or 2 decades of shear{c At higher decades
of shear, real materials do not give straight linej as do
ideal materials but give a curved response. The rate of
shear has an alignment effect upon the polymer chains: as
the rate of shear increases the degree of alignment
increases. The higher level of orientation at high shear
rates allows adjacent chains to pass more easily over one
another. This effect causes an associated lowering of
viscosity. There is a relationship between the apparent
viscosity (7) and the power law constants (K) and (n). The

combination of equations 4.5 and 4.7 gives :-

n = Kkyb&n ' (4.9)

41



4.3.2 TIME DEPENDENT FLUIDS
For these fluids, the apparent shear'viscosity\

on the shear stress and the duration of the sheé{

—

fluids have a memory. There are two types, thixotropg\ -
.-
negative thixotropic fluids. A thixotropic material
demonstrates a reversible, isothermal gel-sol-gel
transformation. It can be regarded as a time-dependent
shear-thinning fluid. A negative thixotropic fluid
demonstrates the opposite behaviour, a reversible,
isothermal sol4gel;sol transformation. It can be regarded
as a time—dependept shear thickening fluid. This type of
behaviour is not iméortant in polymer érocessing: it occurs
sometimes in polymer melts, but this is generally due to

degradation or crosslinking of the polymer, and is not

reversible.

4.4 VISCOELASTIC MATERIALS

The materials in this section exhibit the properties
of viscosity and elasticity. Many commonplace fluids have
elastic properties. The elasticity of a material can be
measured by observing the recoil in the material once the

applied force has been removed.

In polymer melts, the elasticity arises from the
deformation of the 1long chains in the melt. Once the
applied force has been removed, melts attempt to return to
their original partially coiled configuration. This

accounts for the phenomenon of die swell or the Barus
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effect, extrudate distortion and draw resonance.

4.5 MEASUREMENT OF FLOW PROPERTIES

There are many methods of studying the flow properties
of liquids. For the study of the rheological properties of
polymers there are two main types of instrument, rotational

and capillary rheometers.

4.6 ROTATIONAL RHEOMETERS

The rheometer works on the principle that every
element of the material is subjected to an identical and
well-defined shear history. In a rotational rheometer,

there 1is a pressure profile across the faces of the

instrument and a normal action forcing the faces apart (see

&]_D

fiqure 4.4).

FIGURE 4.4 - Diagram to demonstrate how a rotational
(cone and plate) rheometer works

Rotational rheometers can be used to determine the
elastic response of melts. Several measurements can be

taken; stress, strain, normal stresses and strain recovery.
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There are several advantages of rotational rheometers :-

i)

ii)

iii)

ii)

iii)

they give a precisely defined flow at low shear
stresses;

they can provide data on both elasticity and
viscosity in a variety of experiments; and

they are sensitive  to the structural
characteristics of the melt, if the structure

breaks down when highly stressed.

There are limitations using this type of instrument:-

there is a large ratio of surface area to volume;

there are problems with slip and a high rate of heat
generation between the metal-polymer interface; and
measurements are usually taken at atmospheric
pressure, whereas polymers are processed at high

pressures.

This type of rheometer was not used in the current

investigation and will not be discussed further.

4.7 CAPILLARY RHEOMETER

The standard type of capillary rheometer consists of

a heated barrel, with a capillary die fitted into the

bottom. There are two basic designs :-

i)

the plunger is forced down into the barrel at a

44




constant rate and the associated pressure for
that rate is measured; and

ii) a load is applied to the top of the melt and the
output rate for that load is measured (commonly

used for melt flow index units).

The Davenport capillary rheometer uses the first

principle (see figure 4.5).

[T1 _ PISTON

| —

- HERTERS

4o+ BARREL

EXTRUDATE

FIGURE 4.5 - Diagram to demonstrate how a capillary
rheometer works

In the practical measurement of flow properties it is

necessary to make corrections for entrance effects.

4.8 ENTRANCE EFFECTS

The effect occurs because of the convergent flow of
the polymer as it enters the die region. Once the polymer
enters the capillary there is a large amount of extensional
flow. The pressure in the barrel should be measured as
close to the capillary die as possible, in order to

eliminate the change in pressure drop along the barrel.
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There should also be a full development of a velocity

profile in the die region.

In practice there are three methods of correcting the

entrance pressure:-

i) Bagley correction;
ii) Orifice die method; and

iiji) Couette-Hagenbach method.

4.8.1 BAGLEY CORRECTION

The Bagley correction assumes that a die of length (L),
has an effective length of (L+eR), where (e) is a 'extra
length' and (R) is the radius of the capillary. The true

shear stress becomes :-

APR
= 4.10
Te 2 (L+eR) ( )

Dies of the same radius (R) and different (L/R) ratios
are used in the measurement. The total pressure drop across
each die is measured as a function of the uncorrected shear
rate. A graph is then drawn for several shear rates of
pressure drops versus (L/R) ratios. This is known as a
Bagley plot and the value of (e) can be read off the

negative intercept (see figure 4.6).

4.8.2 ORIFICE DIE METHOD

This theory assumes that two dies exist. A metal die
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FIGURE 4.6 - Graph of pressure drop vs L/D ratio for

various dies of the same diameter but
different lengths.

in series with an imaginary polymer die. Extrusions are
carried out in two dies of the same radius but a die of
length (L) and the other is of zero length. The pressure
(Py) obtained with the orifice die is assumed to combine
both entrance and exit corrections. It is assumed that the
pressure obtained for the orifice can be subtracted from
the total pressure drop obtained with the long die to give
the true wall stress :-

(P, - P,) R
Te” 2L

(4.11)
Where P, and P, are the pressure drop across the long

and orifice dies respectively.

4.8.3 COUETTE-HAGENBACH METHOD
This method uses two dies of length L, and L,, for
each of which the output (Q) and the pressure drop value

(P) are obtained. It is common practice to use the same
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shear rate in both tests, to allow the same pressure drop
in the die entry region along with the development of a
similar velocity profile. At a given shear rate, the
entrance pressure is the same for each die and a simple
subtraction of the pressures for the two dies will give the

wall shear stress as follows :-

(P,- P,) R

i 2l 4.12
2 (L, - L,) ( )

Te =

Where the subscripts ; and , refer to the longer and
the shorter dies respectively. This method gives no
indication of the magnitude of the entrance and exit
corrections and has no indication of the recoverable

tensile strain.

In conclusion, the fully developed flow problem is
common for all the techniques. The Bagley approach® offers
the most accurate result. The pressure effect and the
viscous heating of the modelling system render this method
rather more complicated to use. The Couette-Hagenbach
method is used in the present study in conjunction with the
Davenport Capillary rheometer. Two separate runs are
performed one with a long die and the other with a short
die at the same shear rate, and the system is more simple
to use. The rheological data obtained is generated with

ku@ﬁ runs than would be used by the Bagley method.
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4.9 MODES OF RHEOLOGICAL DEFORMATION

There are three definite ways that a polymer melt can

be deformed :-

i) bulk deformation;
ii) elongational flow; and

iii) shearing flow.

4.9.1 BULK DEFORMATION

When the polymer is subjected to hydrostatic tension
or compression there is an associated volume change. The
bulk modulus decreases as the temperature increases and as
the hydrostatic pressure decreases. The modulus 1is

independent of the average molecular weight and weight

distribution.

The bulk deformation changes at different stages of
processing. The melting stage allows up to a 30% increase
in the specific volume while flow through small channels
can cause volume changes of = 10%. In the final stages of
processing, where the molten polymer is squirted into a
metal mould, the change in density of the polymer can be
up to 30%. One final important point to note is that
solidification occurs from the outside; an outer shell is
formed and the stresses generated by this process may lead
to warping. Deformation of this kind can be seen in the

form of sink marks, frozen in stress or cavitation.
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4.9.2 ELONGATIONAL FLOW

The study of elongational flow has advanced rapidly
over the past ten years. Direct elongational flow
measurements have a particular advantage over shear,
because shear measurements do not involve an interface with

the wall of the instrument, so that slip is not a problem.

Simple liquids are isotropic; their properties are the
same in all directions. Polymers contain long molecules.
which may become orientated on deformation. In a stretching

flow the stress acts normal to the cross-section (see

figure 4.7).

N P— e —

FIGURE 4.7 - Diagram to shows an extensional force
acting upon Area (A)

For simple materials Trouton derived the following

expression for Newtonain fluids and polymer melts at low
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shear stress where the shear behaviour is Newtonian :-

n = 3n, (4.13)

where :-
77 = Tensile viscosity

n, = Shear viscosity

Polymer melts do not behave in such a fashion. The
rheological response combines three determinants,
viscosity, elasticity and fracture. It has previously been
shown that the viscosity of all polymer melts decreases
with increasing stress. As a first approximation, as shown
by equation 4.13, the tensile viscosity is independent of
stress and equal to three times the zero shear viscosity.
At higher elongation rates three types of behaviour can be

seen -

i) Troutonian behaviour at all measurable
elongation rates; this occurs with linear
polymers of a low degree of polymerisation e.gq.
polymethyl methacrylate;

ii) the material is Troutonian over a range of
elongation rates, but at a critical elongation
rate the material becomes shear thinning or
pseudoplastic, this occurs in systems with
linear polymers having a high degree of
polymerisation, e.g polypropylene; and

iii) the material becomes non-Troutonian with
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increasing viscosity as the stress increases,
the material is tension stiffening, this occurs
in branched polymers, e.g low density

polyethylene.

Measurement of steady state extensional viscosity at
high extension rates presents serious problems. There is
the difficulty of maintaining a constant rate of extension
for the times required for a steady state to develop.
Extensional flow occurs in extrusion, where the material
is forced from a reservoir with a large diameter into a
small die. Since the fluid is assumed to be incompressible,
the decrease in cross-sectional area imposed on the fluid
can only be accommodated by an increase in length in the
flow direction, i.e. uniaxial extension. The extension in
the flow direction matches the increase in linear velocity
réquired to maintain a constant volumetric flow rate. Near
the die walls, the flow is predominantly shear, as the
velocity increases rapidly from zero with distance from the
wall. In the centre of the flow, the shear is zero by
symmetry and the velocity profile is flat. It can be seen
that the fluid in the centre undergoes pure extension. If
the walls of the die could be perfectly lubricated,.the
flow would be totally extensional and an extensional
viscosity could be determined from the pressure drop along
the die. A true steady-state viscosity could not be
measured because of the length of the die required for true

steady flow to develop.
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4.9.3 SHEARING FLOW

In a shearing flow, the force acts tangentially, as
shown previously (see fiqure 4.1). The shear stress is
defined as force over area of surface acted upon. The

viscosity of simple shear can be seen in equation 4.1.

In practice there are two classes of shearing flow,
flow between moving laminar surfaces and flow induced by
a pressure gradient (as in capillary rheometry). There are
two main differences between such flows. Firstly there is
the question of the interface: in flows between moving
surfaces there is a possibility of a lack of adhesion
between the melt and the constraining surface. Secondly the
adhesion is greater because of the driving force. The flow
for moving surfaces is found in screw type processes and

the pressure driven type flow is found in dies and moulds.

The resistance to stretching flow may be more than a
hundred times greater than the resistance to shearing flow.
The implication is that the stretching flow component need
be only 1% of the total deformation to be significant, even
dominant in its effect. The stretching flow component

should never be ignored.

4.10 RHEOLOGICAL PROPERTIES IN CAPILLARY FLOW
Capillary rheometers are very useful for the
determination of rheological properties of polymer melts

at the normally high shear rates used in polymer
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processing. The output flow rate (Q) is proportional to the

driving pressure force (AP).

capillaries the following assumptions are made :-

In the analysis of flow in

i) there is no slip at the wall;
ii) the melt is incompressible;
iii) the flow is steady, laminar and time independent;
iv) the f£fluid viscosity is not affected by pressure
changes along the barrel; and
v) isothermal conditions prevail throughout.
The pressure-induced force AP * an moves along the
column in the section of flow and is balanced by the

viscous force T * 2nR 1 resisting the column of fluid.

Equating the two we have :-

T 2nR,L = AP R

Thus we have :-

< RAP
v 2L
where: -
r = radial position within die
R, = radius of the capillary
L = length of the capillary

AP = pressure drop across the capillary

T, = wall shear stress
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Consider an element ABCD (see figure 4.8) the flow in

the die region is assumed to be steady state.
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'Figure 4.8 - Force vector for an element of fluid

inside a capillary

The laws of motion, the sum of all the forces acting

upon the cylinder must be zero, i.e :-

YF=0=-F +F,+F (4.16)

The three forces which act upon the cylinder are as

follows :-

F, = nr? (P - EAL) (4.17)

F, = nr2p (4.18)
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F, = 2nr2AL = (4.19)

F,=F, - F, (4.20)
- L 4.21
T 5 3 ( )
where :-
oP
13 3L (4.22)

The equation for the wall shear stress has previously
been derived in equation 4.15, combining equation 4.21 and

expanding we have :-

r
T=—71 .
R v (4.23)
The previous control volume ABCD flows in the die
region at a distance (r) from the centre at a velocity of

(v,). The shear rate at any point will be (dv,/dr). The

volumetric flow rate (Q) can be calculated as follows :-

VOLUME OF SHELL = 2mv,r Or (4.24)

Integrating between the limits of (0 » R) will give

Integrating by parts we have :-
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I-R, r-R,

0= 2nv, dr - 2n v,r dr
4 !

=R, ) reR =R,
r ° r
0 =2m f v, rdr = 2% |[ = Vz r]_0 r[o [=-1 dv,

=0

When (r = R_o, v, = 0) the first term is zero, and so

hence: -
I-R, -R, 3

- 2 - 2 [ 9V2 4.26

0 nr[o r2dv, nr[() T ( ar) dr ( )

Substituting equation 4.23, into equation 4.26 and

substituting ¥ for dv,/dr we have :-

(4.27)

Q=_

3
T R T,
3°f"y1:2d1:
Tw °°

Rearranging gives :

(4.28)

3
T w o

”g =—ft y12 dr
T R, 0

Differentiating both sides with respect to t, (and

using the Leibnitz rule for differentiation of a definite

integral), we have :-

1 3 dQ 2 . 2
g T dTW+3TWQ Yo T (4.29)
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Since (T, = R,AP/2L), substituting and re-arranging

gives :-

o= 1 _do
¥ nRg[3Q+AP dAP] (4.30)

This is known as the Rabinowitsch equation and enables
the wall shear rate to be calculated from three measurable

quantities (R,, Q, and AP).

The equation now allows the shear stress and rate to
be found at one point, i.e. the wall at several different
tempefatures and pressures. A series of different pressures
readings at one temperature, allow a series of flow curves

to be constructed of (t,) vs (y,) and (t) vs (Y).

In proof of the Rabinowitsch equation an integral
between the limits (0 - R)) was used to give the total

volumetric flow rate (Q), (see appendix I).

It has been mentioned previously that the direction
of the vector of the flow profile dictates the orientation
of the LCP chains at that point®®. The flow profile will
give the orientation vector for the skin and the core
regions, when the physical constraints of the system are
entered into the model. It is hoped that the relative
ratios of the skin and core are the same as in the
experimental data, and that the flow profile gives some

insight into the difference in orientation in the regions.
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Hobbs and Pratt® refer to a skin/core morphology in their
paper, and explain how the characteristic skin/core

morphology can occur.

4.11 RHEOLOGY OF LIQUID CRYSTAL POLYMERS

The rheological behaviour of thermotropic 1liquid
crystal polymers is complex and not fully understood, with
some disagreement between observers. A review written by
Wissbrun® in 1981 cites the rheological behaviour of
thermotropic 1liquid crystal polymers and looked at the
framework proposed by Onogi and Asada®®, similar to the
interpretation of Pochan® for cholesteric mesophases. This
type of three zone flow curve is cited by othér authors,
Cogswell®, Chapoy et al®® and Parasadarao, Pearce and Han%.
The rheological characteristics of LCP's fall into three

distinct sections (see figure 4.9), which are :-

i) Region I - a shear thinning region;
ii) Region II - a Newtonian flattening; and

iii) Region III - a second shear thinning region.

4.11.1 REGION I

This zone is the low shear rate shear thinning region,
which is not always clearly visible. The shear thinning
would appear to have many possible causes and determination
is fraught with experimental difficulties. Cogswell®
mentions a three zone flow curve, but went on to say that

he preferred to use the term two zone (presumable zone I
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FIGURE 4.9 - Plot of log viscosity vs log shear rate
showing regions I,II and III.

was difficult to determine). It is known that region I is

associated with a yield stress with the polymer exhibiting

Bingham-plastic behaviour at the onset of flow as observed

by Cogswell65 and Han et al®%. There have been three

separate mechanisms postulated to describe the behaviour

for region I :-

i) shear rate dependency due to the competition between

orientation of the molecules at a boundary and in a

shear field;
ii) plastic flow of piled domains; and

iii) phase separation synonymous with dispersed systems.

The author is in agreement with the second mechanism
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as detailed by Onagi and Asada®. A piled domain isotropic
texture is present in the quiescent LCP (see figure 4.103)
which on the application of stress transforms into a
dispersed polydomain system (see figure 4.10B). This would
account for the shear thinning (Region I) behaviour of the
curve. After the initial yield stress to induce flow due
to the nature of the LCP, it requires a smaller amount of
energy to maintain flow. As the shear rate increases, the
energy needed to maintain flow reduces and shear thinning
behaviour results. If the system is subject to further
stress, the polydomain texture breaks down into a
monodomain continuous phase (see figure 4.10C), leading to

a flattening of the flow curve or Region II.

FIGURE 4.10 - Change in domain texture at the onset of
flow for A-B-C.
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4,11.2 REGION II

This region is unusual in that the viscosity does not
change monotonically with increasing shear rate, but
instead has a virtually constant value over the entire
region. Onogi and Asada® did state in their paper that
there was no obvious reason for this constant value,
because as the shear rate increases the size of the domains
decreases (see figure 4.10A»>C). It is possible that as the
domain texture breaks down so the increase in surface area
acts to oppose the driving force. This is dissimilar to
standard polymers: on the application of force, polymers
tend to align, leading to a drop in subsequent energy to
induce flow. This is normally shown in the form of a stress
overshoot when measurements are taken from the quiescent
state. The modelling of this region is difficult when
taking the texture of the material into account. It has
been stated that a monodomain texture is achieved at high
shear rates, although the order parameter is not
necessarily high. Measurements taken of birefringence have
shown that there is little change in texture between region
I and II. This could account for the results of Cogswell“,
and the difficulties in determining the change from region

I to region II behaviour.

4.11.3 REGION III
This is the final region described by Onogi and
Asada®, in which the onset of shear thinning behaviour

begins. Region III is essentially preceded by a flat
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Newtonian region. At the onset of region III the fluid
begins to shear thin, which results in a concave downward

shape on a log-log plot (see figure 4.11).

SHEAR
THICKENING

NEWTONIAN

SHEAR VISCOSITY

SHEAR
THINNING

SHEAR RATE

FIGURE 4.11 Graph of shear viscosity vs shear rate

showing the deviation from Newtonian
behaviour for shear thinning/thickening
fluids.

Generally the shear thinning begins at severai decades
of shear rates lower than for anisotropic solutions, as
seen from the work of Jackson and Kuhfuss?*. They
discovered that the LCP used in the study had a lower
Newtonian flattening viscosity and was also shear thinning

at much lower shear rates.

The most extensive investigations in this area have
involved the study of the shear viscosity of aromatic
polyesters. From the work published by Wissbrun®, Han et
al%, cogswell®, and Sugiyama et al®®, it can be said that
the viscosity increases indefinitely at low shear

stresses, and yield values are observed. Wissbrun and

Cogswell reported that the shear viscosity (7) increased
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with increasing shear rate (y) over limited shear rate
ranges for certain materials. Generally, the shear
viscosity is found to decrease uniformly with increasing
temperature. A paper by Gotsis and Baird’? reviews the work

by Wissbrun®

Yevseyev et alll found that the dependencies of shear
viscosity tend to level out in regions of high shear rate.
Work has also been carried out on cellulose esters by
Shimamura, White and Fellers’?, with very similar results
to those from the aromatic polyesters. Joseph et all’
looked at the same area as Wissbrun, but used wide angle
X-ray scattering (WAXS) to investigate the differences in

the orientation of the skin and core regions.

The shear viscosities are lower for the liquid crystal
polymer in the nematic phase than in the isotropic phase.
The fall in viscosity due to the onset of nematic behaviour
has been estimated in one case by comparing polymers of
similar molecular weight but different chemical
composition’*. Most high molecular weight polymers exhibit

die swell on extrusion (see figure 4.12).

Thermotropic polymers display very little or no die
swell at all’®’®, It is known that die swell is associated
with viscoelasticity in the melt. Even so, in the
isotropic phase, there is little or no elastic behaviour

observed. It may be associated with the inherent stiffness
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DIE

DIE SWELL

FIGURE 4.12 - Diagram to show how an amorphous polymer
increases in cross section upon exit from

the die region.

of the liquid crystalline molecules, which remain aligned
after leaving the die, hence there is little or no elastic

recoil.

Practically, the low melt viscosity of LCP's at high
shear rates, when compared to conventional polymers of the
same molecular weight, gives them superior properties in

the following areas’’ :-

i) the ability to injection mould components with long
or complex flow paths with thin cross sections;
ii) moulding with very high filler loadings (up to 70%);
and
iii) as a processing aid at low additions (10%) of LCP to

conventional polymers as covered by ICI's patentl.

In recent years, thermotropic liquid crystal polymers
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have entered the polymer market* /879, The main advantages
of these polymers, being they process at 1lower melt
viscosities than conventional polymers of a comparable
molecular weight, and are capable of forming highly
orientated crystalline structures. At the transition to
nematic state, the melt viscosity is of three decades less
order of magnitude than that of a non mesogenic polymer.
They attain high modulus and strength, when subject to
shear above their melting point. The rod-like molecular
conformation and stiffness of their back-bone chains cause
liquid crystal polymers to form fibrous chains in the final
product with fracture surfaces similar to that of wood. The
mechanical properties of liquid crystal polymer products
are close to those of fibre reinforced composites. Owing
to high molecular orientation in the flow direction, their
ultimate properties in the direction transverse to flow are
usually weak®. It is also important to note that if weld
lines are formed during production (see figure 3.5) by the
meeting of two advancing flow front, the resultant boundary

will always be a weak point and act as a stress raiser.

The rheology of liquid crystal polymers is complicated
in some cases by smectic phase formation and differences
in thermal history, since both shear and thermal history
affect viscosity, and usually, neither is adequately
defined. As a result of this, comparison of work from
different sources 1is at present hazardous, unless the

experimental conditions are well defined.
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4.12 RHEOLOGY OF BLENDS

The effect of reinforcing fibres and fillers on the
mechanical properties of polymers is well documented®#,
In general, fibres and solid fillers increase the elastic
modulus, while the effect on strength can be positive or
negative depending upon the aspect ratio of the reinforcing
body%. Associated with their effect on stiffness,
reinforcing fillers tend to lower the coefficient of
thermal expansion. In this regard, stiff fibres can be
added to a polymer in order to minimise the shrinkage
normally encountered upon cooling the material from the
melt in common polymer processing operations. The addition
of a small amount of chopped glass filaments to a
thermoplastic such as polystyrene can result in a

significant reduction of film shrinkage during extrusion®.

Although the addition of fibres to a polymer can
improve the mechanical properties, it can also have a
deleterious effect on the processability of the resulting
composite material. For the same reasons that account for
the increase in the modulus and the decrease in the
coefficient of thermal expansion, the presence of fibres
in a polymer melt increases the viscosity; this has been
well documented by Han and White®®®, The associated
increase in the melt viscosity increases the power
consumption of the plastic processing equipment, ahd in
some instances the viscosity could be too high to 'be

practical. The rheological properties of more standard
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polyblends are governed by the :-

i) particle size;
ii) particle shape;
iii) volume fraction;
iv) deformability of dispersed phase; and

v) state of dispersion.

Han® stated that flow instabilities were encountered
when breakup of the droplets occurred, as the droplets
began to elongate, followed by breakup. He also stated that
the formation of long thread-like liquid cylinders was an
unstable flow phenomenon for normal polymer-polymer
dispersions. Liquid crystal polymers, by their very nature,
formed 1long thin fibres under the right conditions.
Composites of polymers and inorganic/metallic fillers are
commonplace in the plastics industry. In fibre
reinforcement, there is never a perfect transfer of stress
from the matrix to the fibre because of the variability of
surface adhesion. By using liquid crystal polymer blends
it is hoped that the degree of adhesion between fibre and
matrix is higher than would be the case for normal fibre
reinforcement. Seigmann et al? found good fusion between
the liquid crystal polymer dispersed phase and an amorphous
polyamide (PA) matrix. Using scanning electron microscopy
(SEM) the fibrillar/elliptical 1liquid crystal polymer

particles could be seen in the etched PA surface.
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Work carried out by Jung and Kim’! used polycarbonate
(PC) as the matrix. Again SEM and wide angle X-ray
diffraction (WAXS) were used as analysis tools. They
carried out work on the stress - elongation relationship
of the blends to show how the pure PC is amorphous giving
ductile behaviour. This changes as the liquid crystal
polymer content increases, owing to a high degree of
anisotropy in the polymer crystallites, causing an overall
increased level of orientation. There was an associated
change in the mechanical properties, and the blend begins
to exhibit brittle properties at about 10 to 20% LCP. Some
micrographs in this paper show 1liquid crystal polymer
fibres protruding from the PC matrix at various
compositions. The liquid crystal polymer particles were
reported to be elongated into rod-like fibrils. Good
interfacial adhesion was also reported between the two

polymers, with no particle pull-out.

Similar work carried out using a PC matrix was
reported by Isayev and Modic¥ and Nishimura and Sakai®3.
Isayev and Modic reported the formation of high strength
fibres within the blend at low concentrations and high
shear rates. SEM work carried out revealed these fibres to
have a diameter of 2 - 5 uym. They found no fibre formation
at higher liquid crystal polymer contents. Instead large
spherical domains of liquid crystal polymer were found.
They show the stress - strain relationships for various

blend compositions, unusually giving the 90/10 PC/LCP
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composition superior strength than the pure LCP. It was
also stated in several sources that liquid crystal polymers
can be added to melt processable polymers, not only to
affect both morphology and rheology of the resulting blend,
but also to act as a processing aidl'®2, Nishimura looked at
the correlation between phase structure and mechanical
properties, showing that these types of binary systems do
not obey a logarithmic rule. Instead he preferred to
classify them into three groups as described by Utracki?.
A good rheological paper on LCP blend rheology has been
written by Blizard and Baird®. In it they attempted to
correlate the structure of the blends using SEM in
conjunction with rheological measurements. A review by
Brostow et al¥ explained that 1liquid crystal polymers
provide very useful thermophysical, rheological and
mechanical properties in their blends. They showed good
dimensional stability, chemical resistance and low
flammability. The properties of ordinary engineering
polymers can be 1largely improved by blending with
thermotropic liquid crystal polymers. The costs of the
resultant blends are lower than the pure liquid crystal
polymer. These types of blends should find applications in
electrical, electronic, chemical, aircraft, aerospace and

automotive industries.
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CHAPTER 5: BLENDS

5.1 MOTIVATION FOR BLENDING

The driving factor behind the blending of polymers is
cost. If a material having properties of an expensive
resin, but only containing a fraction of that resin, can
be produced then manufacturers will use the blend to remain
competitive. This was the main thrust behind the current
study, to see if a small addition of LCP to an engineering
resin could render properties similar to or even better
than the matrix polymer (as cited by Isayev and Modic”).

The accepted rules for blending are as follows :-

i) extending engineering polymers performance by
diluting it with a low cost polymer;
ii) developing 'new' materials in which the properties
can be tailored to suit customers' needs;
iii) forming a high performance blend from polymers that
interact on a molecular level; and

iv) recycling plastic scrap.

The above reasons are the driving force for blending,
as the reserves of organic materials become depleted so the
importance of blending will increase. The principal cost
of the price of the resultant blend depends on the cost of
the principal polymeric component, and the modifier if one
is used. The use of blends is therefore geared to the more

expensive engineering resins; the bulk of blend production
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is to improve or modify existing mechanical properties of

these engineering resins.

5.2 METHODS OF BLENDING
Polymer blends can be created in a variety of ways.
The following are the ones most commonly used today :-.
i) mechanical mixing;
ii) dissolution in a solvent followed by casting or
spraying;
iii) latex blending;
iv) fine powder mixing; and

v) use of a monomer solvent for IPN/HIPS manufacture.

In the current study the components of the blend were
mechanically mixed together. The two polymers were mixed
in their granular form and then processed twice through a

single screw extruder.

5.3 PROPERTIES OF BLENDS
The properties of blends are indeed multifarious due

to the interaction of many different factors namely :-

i) thermodynamics;
ii) phase behaviour;
'iii) morphology; and

iv) rheology.

The close association of the above elements means the

72



final properties of the blend are difficult to model w.
any accuracy. The effects of processing on the blend result

in deformation under many types of stress/strain fields.

5.3.1 THERMODYNAMICS

The first law of thermodynamics deals with energy
conservation, and states that the total energy within any
isolated system remains constant. It follows that if a
quantity of heat (Q) is absorbed by a body then part of the
heat will do work (W) and part will be connected with the
rise in internal energy (AE). The expression governing this

is as follows :-

Q=AE+ W (5.1)

If the system is also at constant temperature and
pressure the rise in enthalpy (heat content) due to the
rise in internal energy and work done by expansion can be

defined as follows :-

AH = AE + PAV (5.2)
where :-
AV = change in volume
AH = change in enthalpy
AS = change in entropy
P = pressure

Combining the two an expression for the free energy
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(AF) is obtained where :-

AF = AH - TAS (5.3)

The Gibbs free energy is important as it tells us the

following information :-

i) increasing the temperature (T) increases the degree
of mixing;
ii) increasing the entropy increases the degree of
mixing; and
iii) the less the change in enthalpy (AH), the greater is

the degree of mixing.

All of the above statements are linked with the

variable factors in equation 5.3.

5.3.2 PHASE BEHAVIOUR

The low diffusion rates of polymer macromolecules
makes a thermodynamic equilibrium difficult to achieve. In
spite of research in this area the majority of polymer pairs
are not miscible to any degree. The main factors important
to immiscible blends are the spatial arrangements of the
phases and the nature of the phases between them. There are
four main categories of polymer-polymer blends, which are

as followsY :-

i) Homogeneous - where the components are completely

miscible, e.g. polyphenylene oxide - polystyrene. The
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ii)

iii)

iv)

properties of these blends are usually additive and
complement one another. The interaction between
molecules is on a molecular level and polymers will
have similar values for solubility parameters® and
also a common glass transition temperature.
Polymer-polymer dispersions - where one of the
components is dispersed as very small particles, often
about one micron or less, in the other (matrix).
Interaction take§ place at the particle-particle
surface and thus surfactants (compatabilisers) are
usually added. The properties of these systems 4/¢
usually intermediate between the parent materials and
af¢ dependgnt on the concentration and hence the
properties of the resultant blend can be tailored.
Interpenetrating polymer networks - where the two
component polymers are in the form of two
interconnecting networks (see figure 5.1). The blends
are usually prepared by the polymerisation of two
monomers using different reactions of a monomer, in
the presence of another polymer. An alternative
method of preparation is by the combination of the
two polymers followed by selective crosslinking.
Laminar blends - where the blend is prepared by the
control of morphology and distribution of the
dispersed phase. The dispersed phase is distributed
as large two dimensional thin sheets having

controlled interfacial adhesion.
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The materials in the current study form immiscible
blends, which makes the modelling of blend behaviour
difficult, to say the least. There are also complications
due to the concentration of local stress fields and also
obtaining an average response for the blend. Within the
same concentration range, different proportions of rods and
droplets will co-exist®, depending on the flow conditions
and associated thermodynamics. Bearing in mind all of the
variables, no one model/system can determine the phase
equilibrium of polymer blends. Modifications of blend
components afford a degree of adaptability for
manufacturers. However altering the composition can

significantly affect the compatibility of the components.

FIGURE 5.1 - Diagram to show two interpenetrating
networks, where A and B are the two
component polymers.

Prior to 1975 three key papers formed the basis for

polymer blend literature®-10!

. All of these papers covered
compatibility and all state that most systems are

incompatible, and that compatibility is the exception to
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the rule. Compatibility is the term used to describe the
formation of a single phase mixture on the blending of two
polymers. True mutual compatibility of two polymers is
rare, due to the small entropy gain on mixing, which often
involve optical clarity and a sharp glass transition

temperature.

The initial prediction of polymer-polymer miscibility
was outline in a paper by Dobry and Boyer-Kawenoki”, who
used a lattice theory which was followed by subsequent
papers by Scott!®”, Flory!®®, and Huggins!®. The Flory-
Huggins theory as it came to be known obtained a value for

the heat of mixing as follows!® :-

AG = R;;V %anA + %Elnvl3 + XapVaVp (5.4)
where :-
V = total volume of the mixture
r» = reference volume
Vap = volume fractions of A and B
Xpg = volume fractions of A and B
R = gas constant
T = absolute temperature
X = 1lnteraction parameter

The interaction parameter can be calculated as

follows: -
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Xm’%(ﬁ;;'ﬁs)z (5.5)

8, = Hildebrand solubility parameter for A

[e2]
@
i

Hildebrand solubility parameter for B

It was discovered that no matter how compatible two
polymers may be, it 1is always possible to make a very
dilute solution containing both polymers, as long as there
is a common solvent. Polymer molecules are large and

therefore the entropy of mixing is small.

It was also stated by Krausel?! that the region between
the binodal and spinodal formed a metastable region within
which the phases can coexist. Within the region bound by
the spinodal unstable mixture are formed, whereas the

region above the binodal stable mixtures are formed.

Figure 5.2 demonstrates the variation of the Gibbs
free energy with concentration. Figure 5.3 shows the
equivalent phase diagram at P=P, showing both the spinodal

and binodal curves.

For a given binary system, the free energy may vary
with composition at a constant temperature T, (see figure
5.2). Between the points A and B both of the phases can co-

exist; that is the boundary of the two phase region in the
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FIGURE 5.2 - Graph of concentration vs free energy at

temperature T = T,

phase diagram is the locus of the points on the free energy
curve where df?x)/dx = 0 defines the maximum solubility
(solid line) of the polymers in the homogeneous solution,

(see figure 5.3).

In the phase diagram (see figure 5.3), points C and
D are inflection points on the free energy curve where
d’F(x)/dx? = 0. The locus of these points the dotted line

defines the spinodal region.

Starting at a low concentration and following the
straight line T, it can be seen that the line cuts the
phase diagram at a corresponding point of inflection on the
Gibbs free energy curve. Moving further along the line a
spinodal point is next followed by the upper critical
solution temperature (UCST) at the positive inflection in
the free energy curve. Carrying on along the line, another

spinodal point is reached, followed by a second binodal
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FIGURE 5.3 - Graph of temperature vs composition showing
the miscibility gap between the binodal and
spinodal.

point at the other negative inflection in the free energy
curve. There is a meta-stable region between the binodal
and spinodal curves within which a large area is created,
which enhances interfacial slip between the two phases,
without the two phases spontaneously separating. Work by
Aharonil® attempted to describe the viscosity vs
concentration curve. He studied the compositions over which
the LCP went from an isotropic phase to a biphasic region
containing isotropic and anisotropic phases (see figure
5.3, a and & phases respectively). Theories put forward for
the modelling of rheological behaviour attempt to predict
the isotropic and anisotropic phases, but as yet cannot
explain the more complicated spinodal biphasic region of
the temperature-composition graph. This is discussed more

fully in the next section.
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5.3.2.1 SPINODAL DECOMPOSITION

Work bY Lipatov!® on polyoxymethylene (POM) in
cellulose acetate butyrate - (CAB) demonstrated the
connection between the Gibbs free energy function and the
viscosity, with respect to the POM concentration. Lipatov
discovered at low concentrations of POM in CAB the heat of
mixing decreased demonstrating compatibility between the
two species and a binodal composition. Subsequent addition
of POM to CAB gave rise to an increase in the heat of
mixing as the concentration of POM moved into the meta-
stable region between the binodal and spinodal. Lipatov
also discovered that the blend viscosity had a degree of

correlation to the log additive rule.

It can be seen that for the LCP to be aligned into
fibrils it is not necessary for the two polymers to be
compatible. The optimum composition for processing is the
region between the binodal and spinodal, where a large

interfacial area is created over which slip can occur.

5.3.3 PHASE BEHAVIOUR OF LIQUID CRYSTAL POLYMERS BLENDED
WITH ENGINEERING POLYMERS;

Noel and Billard!¥” looked at the phase behaviour of
nematic TLCP's, as did Ballauff!®. From his work!® he
discovered that low concentrations of the LC phase gave a
two phase region on the phase diagram (nematic and
isotropic) when the mixture was cooled from a single phase.

At higher concentrations of LC, cooling led to phase
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existence of a polymer rich isotropic phase and a polymer

denuded nematic phase.

Achard et all® discovered a ‘'biphasic' region in
mixtures containing low molecular mass nematic solvents and
liquid crystalline polymethacrylates or polyacrylates. The
author stated that similarities between the polymer and

monomer mesogen promoted miscibility.

5.4 CRYSTALLISATION

Joseph et al’”® studied the thermal behaviour of PET
and a LCP based on 60% PHB and 40% PET. The rate of
crystallisation was found to increase with increasing LCP
content, which was attributed to the nucleation of PET by
the LCP. This effect was also noted in work by Sharma et
alll® and Takayanagi et allll, In the previous papers the

authors postulated that the LCP acted as a nucleating agent

for the crystallisation of the matrix polymer.

5.5 BLEND MORPHOLOGY

Morphology is the science of structure, which is
strongly dependent on the size and form of the dispersed
phase, miscibility, character and size of the interphase
domains and the distribution of residual stresses, all
discussed previously. The resultant morphology of the blend
and thus post-processing properties are dependent on the
initial preparation. In the process of mechanical blending,

the blend is subject to both shearing and elongational
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forces, which help to provide a good dispersion of one
polymer within the other. It is expected that if the
polymers have a low miscibility, there will be 1large
differences in morphology within the specimen. If the
polymers are miscible then this difference will be less
pronounced. The morphology is not just dependent on the
miscibility, other factors include:- polydispersity,
chemical reaction during processing, crystallisation and
degradation. Degradation is especially important when
considering the processing of PC, where exposure to
elevated temperatures for long periods of time will result
in the breakdown of the PC architecture. The breakdown of
the structure results in an increase of the viscosity of

the PC affecting the viscosity ratio of the blend :-

- _n(pC)
A FYi7) (5.6)

If the viscosity ratio was altered sufficiently, a
fibrous texture could be altered to a droplet texture. The
change in droplet/fibre morphology will be discussed more

fully in the following section.

5.5.1 DROPLET/FIBRIL MORPHOLOGY

Starita'’? interpreted the changes in morphology and
related this to the change in the viscosity ratio (see
equation 5.5). Starita stated that in systems where the

ratio was less than or equal to 1, the resultant system was
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a fine dispersion of one polymer in another. As the ratio
increased to greater than one, the system became coarse
with larger coalesced sections of the dispersed phase
clearly visible. Starita also stated that when the
viscosity ratio was approximately equal to one and the
normal stress ratio was greater than 1, a fibrillar texture
was produced. Conversely, when the viscosity ratio was
approximately %qual to 1 and the normal stress ratio was
less than 1, a droplet morphology was produced. It is known
that blends containing LCP's are susceptible to flow
orientation and it is possible that the blends in this

study will behave in a different fashion.

Han® looked at both the viscosity and normal stress
ratios, and noticed that the less viscous polymer was
forced to migrate towards the metal/polymer interface. This
effect caused a skin/core morphology in the resultant
extrudates/mouldings. Other authors in this field have
stated that this effect is by no means the rule White8®
did not observe this effect for polymers in which the
viscosity ratio was approximately equal to one, but the

normal stress ratio was greater than one.

5.6 LOG ADDITIVE RULE
The rule of mixing or log additive rule was cited in
the paper by Utracki®, however Nishimura et al? expressed

the rule as follows :-
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Inn = ¢, 1Inn, + ¢, 1nn, (5.7)

where :-

@, , = weight fraction of components 1 and 2

1, = viscosity of component 1 and 2

The above relationship assumes that both the polymers
deform elastically and their Poisson's ratios are equal.
For binary blends there are three distinct groups“, as

stated previously:-

i) Positive deviation blends;
ii) Negative deviation blends; and

iii) Positive-Negative deviation blends.

For polymer blends showing negative deviation from
equation 5.1, both separation and limited miscibility at
low concentrations would be expected. Immiscible blends
usually have properties less than predicted by equation 5.1
due to the poor interphase adhesion, whereas partly
miscible blends have been shown to exhibit mechanical

properties close to equation 5.1.

Utracki stated in his paper94 that a low concentration
of one polymer in another resulted in the coil volume of
the matrix polymer decreasing, which in turn lowers the
frequency of entanglements and the viscosity of the blend.

The change in free volume (below the additivity line) is
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one method of explaining the lowering of viscosity. However
from literature studied by the author there is no tangible
evidence to suggest the validity of the mixing rules for
even miscible systems. Data for immiscible systems 4% at
best sparse, due to the inability to predict the blend

morphology essential to derive a constitutive equation.

Blends showing positive deviation behaviour are either
heterogeneous or emulsion-—like immiscible blends. The
blends in this study do not fall into either of these

categories and so positive deviation behaviour will not be

discussed.

To summarise, for blends in which there is a potential
degree of compatibility at low concentrations (in the meta-
stable region of the phase diagram), there is a correlation
between thermodynamics and flow. As the phase behaviour,
rheology and morphology are closely linked, the control of
flow should give a tailor-made morphology. It is hoped to
show how processing variables can lead to a desired
morphology. The author will attempt to model the behaviour
in a later section to show how the velocity flow profile
in the die affects the resultant morphology. The results

of this modelling can be seen in a later section.
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CHAPTER 6: EXPERIMENTAL PROCEDURES

6.1 COMPONENT POLYMERS

The materials used in the current study consisted of
two conventional thermoplastic polymers, polyethersulphone
(PES) and polycarbonate (PC). The monomer units for both
of these polymers can be seen in the key at the beginning
of the thesis. Both the PES (3600G grade) and PC (LEXAN)
were provided in a granular form. The PES was supplied by

I.C.I. and the PC was purchased from G.E.C.

PES is a transparent yellow polymer with good long
term thermal ageing resistance and low smoke emission. It
also has reasonable resistance to ionizing radiation and
aliphatic hydrocarbons, with a high continuous use
temperature (180°C). PES has the disadvantage that it is
expensive, requires high processing temperatures (320-
380°C) and mouldings may contain higher levels of residual
stress than more easily processed materials. Applications
for PES include electrical components e.g. circuit boards,
bobbins, lamp holders and lenses. PES is also used in
medical and agricultural components requiring repeated

sterilisation.

PC is a transparent polymer with high impact
resistance at room temperature down to -40°C. PC has a
reasonably high continuous use temperature (115°C), an

intermediate temperature processing range (280-320°C) with
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low creep and mould shrinkage. PC has the disadvantage that
it has poor barrier properties and it is susceptible to
attack from organic solvents, acids and alkalis . PC
suffers from hydrolysis at temperatures above 70°C, with
low fatigue properties, wear resistance and a high melt
viscosity. Applications for PC include safety shields,
goggles, lenses, and glazing panels (including bullet proof
glazing). Other applications include kitchenware, tableware

and medical components (sterilisable).

The LCP's used were VICTREX SRP1500G provided by
I.C.I. and VECTRA B900 purchased from Celanese. VECTRA B900
is based on hydroxybenzoic acid (HBA) and hydroxynaphthoic
acid (HNA). VICTREX SRP1500G is based on HBA, HNA,
isophthalic acid (IA) and terephthalic acid (TA). All of
these monomer units can be seen at the beginning of the

thesis.

6.2 BLEND PREPARATION

Blends were produced with a range of liquid crystal
polymer compositions 0%, 2%, 4%, 6%, 8%, 10%, 15%, 20%, 25%
(by maés) mixed with PC and PES, giving four blend
combinations. A primary consideration when producing
polymer blends is that the materials should have
overlapping processing temperatures. At the temperature
used for testing, both of the materials should be fluid.
The temperature must also be lower than the degradation

temperature of the polymer, otherwise a major change in the
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rheological properties will result.

6.2.1 BLENDS PREPARED AT SHEFFIELD HALLAM UNIVERSITY

The blends were produced by adding the two component
polymers together in a granular form. Relative amounts of
the two polymers were weighed out using an electric pan
balance and the mix was then»physically agitated until a
good mix was achieved. The blends were mixed on the basis
of weight with a 5% blend containing 5mass% LCP within
95mass% PES/PC with each blend mix weighing approximately
1kg. These figures can be seen below (see table 6.1). This
table shows the standard test percentages compared with the

actual blend composition.

% LCP PES/SRP PES/VECTRA PC/SRP . PC/VECTRA

2 1.97 2.00 2.01 2.03

4 3.99 4.04 4.01 3.98

6 6.01 6.03 6.02 5.98

8 8.00 8.01 8.03 8.03

10 9.99 10.03 9.97 10.01

15 14.98 14.97 14.96 14.99

20 20.02 19.96 20.00 20.01

25 24.96 24.99 24.97 25.05

TABLE 6.1 - To show the difference between stated %

composition used in the thesis and the
actual % tested for PES/PC blends.
The pre-mixed blends were then placed on steel trays
of dimension 40mm x 30mm x 2mm and spread evenly to a depth
of 1.5mm. The trays were placed in a Baird and Tatlock air

circulating oven and dried overnight at 130°C. The
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following morning the trays were removed from the oven and
the mixed granules were placed in the hopper of a single
screw extruder, with the heating zones set to appropriate

temperatures for the matrix material (see tables 6.2 and

6 . 3 ) Ll

" HOPPER REAR CENTRE FRONT DIE ||

ll - 310°C 320°C 320°C 330°C "

TABLE 6.2 - Temperature settings for the four heating
zones of the single screw extruder used in
the processing of PES/LCP blends.

|| HOPPER REAR CENTRE FRONT DIE "

ll - | 260°C 260°C 280°C 290°C "

TABLE 6.3 - Temperature settings for the four heating

zones of the single screw extruder used in
the processing of PC/LCP blends.

Prior to the loading of the hopper pure PC (for the
PC blends) and PES (for the PES blends) were fed through
the extruder for a period of approximately 5 minutes, to
purge the barrel in an attempt to remove any unwanted
contaminants. After the barrel had been purged the 2% LCP
blend was added and after 2 minutes (to allow the barrel
to clear of the initial cleansing polymer) samples of the
resultant extrudate were cut into 30 mm strips and
collected on a metal tray in an attempt to reduce
contamination. Once all of the material had been passed
through the barrel, the extrudate was processed in a rotary

granulator. The resultant 'chips' were collected and placed
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back into the hopper of the single screw extruder. The
blends were processed twice through the single screw
extruder because of poor mixing within the barrel as
mentioned previously in the review (the author is aware
that the dual processing operation could lead to different
rheological properties compared to the blends prepared
using a twin screw extruder. This procedure was carried out
over the range of compositions starting with the 2%
composition and finishing with the 25% composition (so that
a pocket of high composition material possibly held within
a dead zone within the barrel could not drastically change
the composition of a lower composition blend). A period of
approximately five minutes was allowed between consecutive
runs to allow the new composition to percolate the barrel.
Once the blend had been processed twice through the
extruder and granulator, the chips were placed in a bag and
sealed ready for testing. The author is aware that VICTREX
SRP grades absorb up to 0.2 % w/w of atmospheric moisture
even under sealed storage’’. The four 'pure' standards were
also processed in this manner so that they had the same

thermal history as the blends.

6.2.2 BLENDS PRODUCED AT I.C.I. WILTON

The PES/Glass fibre/SRP1 blends were produced at I.C.I
Wilton. The component granules were mixed together as
described previously in the following compositions 80% PES,
72% PES, 68% PES and 64% PES with 20% glass fibres, the

balance being SRP1500G. Once mixed the blends were dried

91



overnight at 120°C. Before moulding the blends were pre-
dried for 3-4 hours at 150°C and then fed into a ZSK-30
type co-rotating twin screw extruder. Once processed the
resultant blends were chipped and bagged ready for

rheological testing in a Rosand Capillary Rheometer.

6.3 DAVENPORT CAPILLARY RHEOMETER

The Davenport Capillary Rheometer incorporates a
heated barrel (21.92mm -internal bore) and a piston, which
was used to compress the blend through a die (lmm -
diameter by 20mm - long). The die was held in place at the
end of the barrel by a threaded nut. Both the pressure
transducer (10,000 p.s.i. situated just above the die in
the barrel) and the piston motor (via an analogue/digital
convertor) were connected to a BBC microcomputer. The
computer controlled the shear rate and also measured the
pressure at the entrance to the die by means of a 10,000
P.s.i mercury transducer. The program then took a burst of
100 readings over a second, when two sets of consecutive
data correlated within a set tolerance the data was
accepted and the program increased the speed of the piston
in a series of steps until all of the data sets had been
recorded. The piston speed settings varied from 2.4 - 24
cm/minute and was controlled by the software. The shear
rate (y) was then be calculated using the following

equation :-

3 (6.1)



where :-

Q = volumetric flow rate (m’s’l)

R, = capillary radius (m)

At the lower speed of 2.4 cm/minute the volumetric
flow rate was 1.5 x 1077 (nﬁsd) with the shear rate (y)
being approximately 1500 (s4), At the higher shear rate of
24 cm/minute the volumetric flow rate was 1.5 x 106 (m¥s!)
with the shear rate (y) being approximately 15000 (s°!). It
was not possible to obtain readings at the maximum speed
as the barrel emptied very quickly, hence the maximum speed

used was 12 cm/minute.

The dual processed chips were dried as previously
stated (overnight at 130°C) and then placed in the
capillary barrel. The piston (see figure 4.5) was used to
compact the chips after which more chips were added to give
sufficient material in the barrel to obtain a full set of
data points over the entire range of piston speeds. The
compacted material was then allowed to soak for a pre-set
period of time (10 minutes) to allow the polymer in the
barrel to achieve a uniform temperature across its section
(to within + 0.5°C). The soak time was controlled by the
computer program making the whole testing process
automatic. After the polymer was at temperature the piston
was brought down, with the speed increasing in a stepped

fashion, forcing the polymer through the long die.
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After the run was completed the barrel was emptied and
cleaned out. The cleaned barrel was then refilled in a
manner as described previously and allowed to soak, after
which time the procedure was repeated using a zero length
die. Subtraction of the zero length from the long die data
two runs allowed the pressure difference (equation 4.12)

and the wall shear stress to be calculated.

6.4 ROSAND CAPILLARY RHEOMETER

The Rosand Capillary Rheometer incorporated two heated
barrels (15mm -internal bore) with two dies (long die lmm
x lémm and a zero length die). A 10,000 p.s.i. transducer
was situated above the long die and a 1500 p.s.i transducer
was situated above the zero length die. The piston speed
settings were varied from 0.2 - 30 cm/minute automatically
controlled by the rheometer. The two barrels allow the
readings to be taken simultaneously and only required one

run to calculate the pressure difference.

At the lower speed of 0.2 cm/minute the volumetric
flow rate was 8 x 10™° (m’s”!) with the shear rate (y) being
80 (s!), at the higher shear rate of 30 cm/minute the
volumetric flow rate was 1.2 x 10® (ms'!) with the shear
rate (¥) being 12000 (s’!). The results were plotted in a

similar fashion to the Davenport capillary data.

6.5 COLLECTION AND STUDY OF CAPILLARY EXTRUDATES

Extrudates of the four blends were collected for
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further investigation. The Davenport Capillary Rheometer
was run at various temperatures and shear rates. The
extrudates from each run were collected on a sheet of card
to minimise extensional effects due to gravity, left to air
cool and then set in a low temperature mount. The mounts
were ground and polished down to a 0.25um finish. The
polished samples were then studied using both optical and
electron microscopy. Additional work was carried out on the
PC/LCP blends; the extrudates were collected by the
previous method and placed in phials containing 1,1,1-
trichloroethane for 24 hours at room temperature. The
trichloroethane softened the PC matrix sufficiently, that
if a small tensile force was applied to either end of the
extrudate, the extrudate split revealing the internal cross
section containing whole LCP fibres. The softened
extrudates were placed on aluminium stubs (lcm in diameter)
using a conductive quick drying silver paint (silver dag).
After the dag had dried the extrudate samples were placed
in a Polaron SEM 5100 platinum coating unit where the
surface was made conductive. The coating cell was evacuated
to 0.02 torr and argon was then bled into the cell until
a constant voltage of 25 mv was achieved across the cell.
The unit ran for 1.5 minutes and coated the sample with

approximately 0.1 to 0.2 nm of platinum.

The sample preparation was exactly the same for the
injection moulded test bars fractured on the tensometer.

It was felt that the ability of the electron microscope to
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detail topographical effects would render a superior image.

6.6 SCANNING ELECTRON MICROSCOPY

A Joel JXA-840A and a Philips P500 were used for the
electron microscopy. Both units use a link analytical
system (EDAX) which can detect the elements from nitrogen
to uranium, using either windowless or a thin beryllium

window.

6.6.1 SAMPLE LOADING

Before the specimen could be added to the viewing
chamber the filament current was reduced to a minimum (to
prevent damage to the filament). The high tension control
in the optic control unit was switched off at this point
and air could then be admitted to the chamber. The platform
upon which the sample was held could be removed and the
aluminium stub containing the sample was fixed in place.
Once the sample was firmly secured the chamber was closed,
the air release mechanism was closed and the chamber was
evacuated. The electron optic control unit was turned on
and the filament current was increased until an image was

obtained on the visual display unit.

6.6.2 EDAX SCANNING

PES contains sulphur, which is not present in any of
the LCP monomer units. Three injection moulded bars were
produced in the manner described earlier; one bar was of

pure PES; one bar was pure VICTREX SRP1l and the third was
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composed of 25 mass% VICTREX SRP1l in 75 mass% PES. The PES
and LCP bars were forced together and mounted in a low
temperature curing resin. The mount was polished to a 25um
finish, coated in platinum (as described earlier) and
placed in the electron microscope. The EDAX unit was then
set to scan the boundary between the two mouldings using
a sulphur fingerprint (calibrated on a pure sulphur
standard). The electron microscope was used to scan for
sulphur in both the pure polymer standards and the 25/75%
(LCP/PES) samples. Two positions across the 25%/75%
VECTRA/PES and one position on the 25%/75% SRP1/PES
sections were used. The first location was in the outer
skin layers of the VECTRA/PES sample. The second was in the
core region of the VECTRA/PES sample. The final sample was

taken in the centre of the SRP1/PES moulding.

6.7 OPTICAL MICROSCOPY

It was necessary to use both optical and transmission
microscopy to obtain images from all of the samples. The
transmission microscopé gave good results and showed the
immiscibility' 6f the ‘two polymers well, when used in
conjunction with polarising techniques. The reflection
microscopy gave good results on a macroscopic examination
of skin/core effects using very highly polished samples.
To obtained good images it was necessary to polish the
samples to a 0.25 pm finish. This presented problems with
the relief of the LCP phase leading to particle fallout.

This was particula%y the case with the 1longitudinal
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sections (see figures 8.1 and 8.2)1%,

6.7.1 TRANSMITTED LIGHT MICROSCOPY

Two tensile bars were taken, one 25 mass% VECTRA in
75 mass%$ PES, the other 25 mass% VICTREX SRP1 in 75 mass$%
PES. The bars were cut at right angles to the flow
direction and placed in a micro-tome. A pre-used glass
knife was used to trim the surface of the specimen level.
Once a flat surface finish was obtained the old knife was
changed for a fresh glass knife with a new edge. This knife
was then used to shave 3 um slivers from the surface. One
of these slivers was placed on a slide (pre-washed and
dusted). A cover slide was also dusted and cleaned with a
sharp blade to remove any surface particles. A drop of oil
(hydrogenated terphenyl 1-bromo naphthalene) with a
refractive index of 1.648, similar to PES, was then placed
on top of the sliver. The sliver was then cut to size using
a scalpel and the cover slide was carefully lowered one
edge first (in an attempt to avoid the entrapment of air
bubbles) until it sandwiched the sample. The cover slide
was then sealed air tight on to the slide using arabic gum.
Once both of the samples had been prepared they were placed
in an Olympus Vanox transmission microscope between cross

polars.

6.7.2 REFLECTED LIGHT MICROSCOPY
An Olympus Vanox-T microscope was used for the

reflected light microscopy. The extrudates were collected
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and cut to size and placed in a low temperature setting
resin, (to keep any thermal distortions or relaxation to
a minimum) and allowed to cure. The mount containing the
extrudate was initially polished using a 240 carbide paper
down through 320, 400 to a 600 grade, rotating through 90°
at each stage so that the scratches made by the previous
paper were removed. Once the sample only contained 600
grade surface scores, the mount was washed in acetone and
transferred to polishing wheels covered in different grades
of diamond polish from 6um through to 0.25um. The mount was
washed and cleaned between each polishing operation before
it was placed on the next wheel to avoid cross
contamination. Once the process had been completed the
mount was placed on a glass side levelled using a mounting
press. The samples were photographed using a 35mm camera
mounted on the microscope. A selection of pictures taken
using this technique can be seen in the results section

(see figures 8.1-8.3, 8.7, 8.8, 8.10 and 8.11).

6.8 DIFFERENTIAL SCANNING CALORIMETRY

A Mettler TA3000 controller was used in conjunction
with a Mettler DSC 30 cell. All analysis runs were carried
out from room temperature to 350°C using a heating rate of

10°C minutel.

Small pieces of the four base polymers were placed in
small pre-weighed aluminium crucibles. The lid was placed

on top and crimped using the Mettler tool. The crucible was
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then again weighed to determine the weight of polymer
within the crucible. The crucible was placed in the DSC
cell along with a reference crucible and the material was
heated from room temperature to 320°C (PC) and 350°C (PES),
at a rate increase of 10°C per minute, to dry the samples
fully. Once at temperature the samples were then cooled at
10°C minute! to room temperature before the sample run was
started. This allowed good thermal contact between the
polymer and the pan. All of the analysis runs were carried
out at 10°C per minute . The DSC unit was equipped with an
electronic device which used an integrator method to
calculate the number of calories or joules, corresponding
to a particular transition. The output from the unit came
in the form of a printout ahd using the data it was
possible to identify the nematic transition points of the
liquid crystal polymers and the glass transition of the

PES/PC.

6.9 INJECTION MOULDING OF POLYMER BLENDS

The blends were pre-dried as mentioned above before
processing and then injection moulded into tensile and
impact bars. The processing temperatures used were (see

Tables 6.4 and 6.5).

" HOPPER REAR CENTRE FRONT DIE "
" - 310°C 330°C 330°C 340°C "
TABLE 6.4 - Processing temperatures used to produce the

PES/LCP blend samples for tensile and
impact testing.
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" HOPPER REAR CENTRE FRONT DIE "
I - 280°C 300°C 310°C 310°c |

TABLE 6.5 - Processing temperatures used to produce the
PC/LCP blend samples for tensile and impact
testing.

A Betol 1" single screw injection moulding machine was
used to process the blend samples. As in the preparation
of the blends, the barrel was initially purged using either
PC or PES and after a period of 5 minutes, the blends were
fed into the hopper using the above temperature setting
(see tables 6.4 and 6.5). Production started with the pure
standards followed by the low composition blends and onto
the higher compositions until finally the 25% LCP blends
were processed. The samples were produced using a mould
press force was 2000 p.s.i. and the samples were processed
at 8000 p.s.i., with a holding pressure of 1200 p.s.i,
using a screw speed of 150 r.p.m. If holding pressures of
above 1200 p.s.i. were used the bars produced had excessive
flash. Short cycle times were used with an injection
pressure time of 3 seconds, holding pressure time of 10
seconds and a cooling time of 10 seconds into a mould held
at 40°C. A small amount of mould release was required

periodically to allow easy removal of the samples.

6.10 TENSILE TESTING OF POLYMER BLENDS
The 'dumbbell' shaped mouldings of dimension 19 cm x

12 mm x 3 mm were produced by injection moulding the
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blends. They were subsequently tested on a JJ Tensile
Testing Machine No T20K. An 8kN load was used as a full
scale deflection for the samples. The samples were placed
between two sets of friction gripping jaws and the speed
was set at 50 mm/minute (to minimise any creep effects).
It was assumed that the ratio of the extension of the
equipment to the extension of the polymer sample was
negligible. The data wefé graphically represented in the

form of a load vs extension plot.

6.11 IMPACT TESTING OF POLYMER BLENDS

The blends containing 4%, 8%, 15% and 25% SRP1/VECTRA
in PC were injection moulded into impact bars of dimension
6.4 mm x 6.4 mm x 5 cm, using the temperature settings
stated (see table 6.5). The bars were removed from the
mould and a 2mm notch was then cut into the moulding, using
a triangular section blade (apex 15°). The samples were
fractured by impact with a swinging arm (0.25 1lb), using
a portable Hounsfield impact testing rig. The data were
displayed in a graph of notched impact strength vs blend

composition.

6.12 WATER ABSORBTION TESTS

Injection moulded samples produced as previously stated
were measured shortly after production using a top pan
electronic balance. The weights were noted and the samples
were then placed in a water bath at room temperature and

left. At periodic intervals (which increased as the
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experiment proceededi, the samples were removed from the
bath, quickly dried using a warm air drier and re-weighed.
This process was repeated over a number of weeks and the
sample weights obtained were plotted against number of

days.

103



CHAPTER 7: RESULTS

7.1 RHEOLOGICAL PROPERTIES OF THE BLENDS

‘'The results split into two main sections, one giving
the data obtained from the Davenport Capillary Rheometer
and the other being the results obtained from the Rosand

Capillary Rheometer.

7.1.1 DAVENPORT CAPILLARY DATA

The standard flow curves were obtained over the
following temperature ranges:- PC (280°C-320°C), PES
(330°C-350°C), SRP1 (300°C-340°C) and VECTRA (280°C-320°C).
The tests were carried out on the dual processed standards
and the shear rate was calculated using the Rabinowitsch
equation (see equation 4.30). The results (see figures 7.1-
7.4) are shown in a graph of viscosity plotted against
shear rate. Table 7.1 below shows the piston speed of the
Davenport Capillary Rheometer with the corresponding

extrudate speed and average shear rate.

All of the graphs clearly demonstrate that an increase
in temperature reduces the viscosity, as does an increase
in the shear rate at a constant temperature. A rise in
temperature increases the mobility of the polymer chain,
whereas an increase in shear rate induces alignment (even

in the amorphous polymers).
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PISTON SPEED EXTRUDATE SPEED SHEAR RATE
(cm min!) (ms™!) (s7l)
2.4 - . 0.1922 1500
4.8 0.3844 3000
7.2 0.5766 4500
9.6 0.7688 6000
12.0 0.9610 7500
14.4 1.1532 9000
TABLE 7.1 - Table to show the various piston speeds

used and the corresponding average
extrudate speed and shear rate, for the
Davenport capillary rheometer.

The next graphs (see figures 7.5-7.7) are of shear
stress vs shear rate at 280°C, 300°C and 320°C for blends
containing 4%, 10%, 15%, 25%, 100% VECTRA in PC. These
graphs demonstrate that a small addition of VECTRA can
cause a large reduction in viscosity for the resultant
PC/VECTRA blend. The reduction of viscosity appears to be
proportional to the amount of VECTRA within the blend.
There were, however, no signs of a viscosity minimum and

the blends behaved in a fairly linear fashion over the

entire range of shear rates studied.

The other distinctive feature of these graphs was that
the reduction in viscosity for VECTRA 280°C -» 300°C was
much larger than the corresponding difference for VECTRA
300°C -» 320°C. This is due to the nematic transition
temperature of the VECTRA (T,). The resultant extrudates of
these tests were collected and prepared for optical

microscopy as previously detailed. It was interesting to
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note that the VECTRA/PC blends processed at 280°C (below
the nematic transition temperature of the VECTRA), resulted
in a dispersion of VECTRA throughout the section of the
extrudate. Figure 7.8 is a micrograph of a 20% VECTRA/PC
blend in which the VECTRA appeared to form a coarse sub-
structure with particles varying in size from 6.5 x 1073 mm
to 2.5 x 102 mm in diameter. Samples taken from the same
composition (20% VECTRA in PC) but at temperatures 290°C,
300°C and 310°C (see figures 7.9-7.11) samples had more
order. At 290°C the onset of a skin/core morphology was
noticed which was also visible in the samples taken at
300°C and 310°C. This morphology will be discussed more
fully later. These figures clearly show that processing
must be above the nematic transition temperature (T,) for

the LCP to confer order to the matrix.

The results for SRP1/PC blends are slightly different,
(see figures 7.12 and 7.13). The graphs of shear stress vs
shear rate show the flow curves of SRP1 in PC at 300°C and
320°C at the compositions mentioned. At 300°C (see figure
7./12) and low shear rates (1500 s™!) the addition of SRP1
resulted in a small reduction of the blend viscosity. At
higher shear rates (7500 s!) the reduction was more
pronounced, as seen previously; the shear rate at which the
blend is processed is an important factor. The second graph
(figure 7.13) shows the results at 320°C, which also
demonstrate that increasing additions of SRP1 results in

a reduction of blend viscosity in an almost linear fashion.
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There is a large drop in the viscosity of SRP1 between
300°C and 320°C. This is attributable to the nematic
transition témperature of the SRP1 (T,) and will be
discussed more fully later. The rheological data for SRP1
behaved in a linear manner over the entire range of shear
rates tested. Processing the SRP1/PC blends above a
critical shear rate and temperature resulted in the SRP1

significantly reducing the blend viscosity.

The results obtained for the PES/LCP blends (see
figures 7.14-7.16) are shown in graphs of shear stress vs
shear rate. The compositions were the same and a
temperature range of 330°C - 350°C was used. The curves
were again fairly linear: increasing additions of LCP
resulted in a viscosity reduction. No viscosity minima were
found in any of the previous tests, as cited by other
authors in the field’®’®, The reasons for this and
implications will be discussed later. The results obtained
are similar to other workers in the field namely Mehta and

13

Isayev!!®, Acierno, Nobile and Marino!l

and Nishimura and

Sakaill®,

The shear viscosities were taken for all compositions
at a mid shear rate (6000/6500 s!) and plotted against
composition. These graphs (see fiqures 7.17-7.20) show
negative deviation in all cases. The negative deviation was
more pronounced for the PC blends when compared to the PES.

The deviation was smaller at low shear rates and increased
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with increasing composition. The negative deviation of
PC/LCP blends (see figure 7.17) correlates with the results
obtained by‘Nishimura and Sakaill® for similar processing

conditions.

7.1.2 ROSAND CAPILLARY DATA

The blends prepared at I.C.I. Wilton were processed
at 350°C and 370°C. The blend composition always contained
20% glass fibres (mass%), with SRP1 making up the
difference. The data wer plotted in graphs of shear stress
vs shear rate (see figures 7.21-7.24). Table 7.2 below
shows the piston speeds of the Rosand capillary rheometer

and the corresponding extrudate speed and average shear

rate.
PISTON SPEED EXTRUDATE SPEED SHEAR RATE
(cm/min) (m/8) (s™)
0.2 0.0075 80
0.5 0.0187 200
1.0 0.0375 400
2.0 0.0750 800
5.0 0.1875 2000
10.0 0.3750 4000
20.0 0.7500 8000
30.0 1.1250 12000
TABLE 7.2 - Table to show the various piston speeds

used and the corresponding average
extrudate speed and shear rate, for the
Rosand capillary rheometer.

The plots of shear stress vs shear rate and
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demonstrate several points namely the glass filled blends
have a higher viscosity than the unfilled blends. Also as
the amount of SRP1 within the blend increases so the
resultant blend becomes more shear thinning. The
viscosities of pure PES (Davenport Rheometer) are
comparable with the 72/20/8 PES/GLASS FIBRES/SRP1 results
(Rosand Rheometer). This indicated that the LCP was useful
in countering the viscosity increase caused by the addition

of glass fibres.

7.2 TENSILE TESTING OF PES/LCP BLENDS

The tensile bars produced were fractured and the data
from these tests were plotted as load vs extension, (see
figures 7.25-7.27). The curve for PES clearly demonstrates
an elastic region, followed by the onset of necking, with
a final fracture point. An addition of 4% LCP changed the
mechanical properties of tensile specimens quite markedly
(see figure 7.25). The addition of SRP1l (4%) increased the
modulus of the blend (the LCP had a reinforcing effect).
The sample still 'necked' and fractured at the same point

(the blends was still partially ductile).

The fracture facets of PES (figure 7.28) showed both
a 'necked' region (seen by the reduction in cross sectional
area) and demonstrated that the fracture mode was initiated
at several points in the sample which then spread rapidly.
The fracture facets of 4% SRP1 in PES (figure 7.29) were

quite different. Along the top left half, the left side and
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the bottom edge of the sample there was a lip which was =
- 0.1lmm thick. It is unknown whether this lip was drawn out
during the testing process or if it was present because of
the initial moulding operation. The 1lip would explain,
however, why the tensile bar was still ductile (the necked
regioﬁ can clearly be seen in figure 7.29) but could
withstand a higher loading. The other interesting point to
note in this micrograph is that at the top right edge of
the tensile bar something (possibly a particle of SRP1 in
the skin region) had acted as a stress concentrator,
evident by the semi-circular area around a central point
(located =17mm from the right edge of the facet). The flat
appearance around this point ‘indicates that the crack
started at a central point and spread rapidly in all
directions, hence the semi-circle. Once the crack was
initiated it spread towards the opposite side, leading to
fracture of the specimen as found by Kiss in PES/LCP
blends!. The 4% VECTRA sample did not neck (seen
graphically in figure 7.25). Fracture occurred in a more
brittle fashion than for the SRP1 blend. Samples containing
8% LCP in PES (see figure 7.26) did not neck, i; this case
the 8% SRP1 samples fractured in a brittle manner and at
this composition the author began to notice the onset of
a skin/core effect (see figures 7.30 and 7.31). The VECTRA
affected the blend to a greater extent than the SRP1l; the
8% VECTRA/PES samples were more brittle than the SRP1 blend
and showed signs of internal layering. Samples containing

15% LCP in PES were both brittle and showed a high degree
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of internal layering with fracture facets having the
appearance of 'wood' (see figure 7.32). The degree of order
increased as ‘the amount of LCP increased (see figure 7.33).
This figure shows a 25% SRP1/PES blend after fracture with

a highly ordered internal arrangement.

7.3 IMPACT DATA

The PC/LCP blends were injection moulded into bars,
which were then notched as described earlier. The notched
bars were then placed in the Hounsfield Impact Tester. The
pure PC standard had impact strengths of around 600 Jm;
an addition of 4% VECTRA caused a drastic reduction in the
impact strength to around half of this value. The SRP1
blends had slightly higher impact strengths than the
corresponding VECTRA blends. As the amount of LCP within

the blend increased so the impact strength decreased.

These results show that relatively low additions of
LCP to PC/PES had a major effect on the mechanical
properties. It was apparent that the LCP acted to induce
orientation in the flow direction, reinforcing the
properties in the flow direction, but decreasing the
properties perpendicular to the flow direction. This is
immediately apparent if the sample is stressed at right
angles to the flow direction. The critical composition was
found to be around 6% VECTRA or 8% SRPl1. At these
compositions, the PC/LCP samples lost their amorphous

characteristics and became brittle.
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FIGURE 7.25 - Graph of load vs extension for PES/4%
LCP tensile specimens processed at
340°C and a shear rate of =5000s7l.

134



4-0 I N N N NN TN UK B U NN T T N OO0 N 2 T (N N A T A N T O

735

llllllr[TIlllllll]lTll

3.0

2.5

2.0

LOAD (kN)

1.5

1.0

0.5

[EERIRRERU NN RUNERREER SRR U NI NN NA NSRS RN RN NNUANURN SRR SN RUNNRRINUNRERNRN]
-

[lllllllI[llll'llllll]llllllllllll

0.0 LUNLJ D I TN O D R A (LU B R D N DL N B D N D B B B O B D |

0 1 2 3
EXTENSION {mm)

KEY —
—— PES

——— 8% VECTRA IN PES
---- 8% SPR1 IN PES

<—— FRACTURE POINT OF VECTRA
<+--- FRACTURE POINT OF SRP1

FIGURE 7.26 - Graph of load vs extension for PES/8%
: LCP tensile specimens processed at
340°C and a shear rate of =5000s-!.

135



40 r oo v o by e ey p g b e v 1o g a0 1y g

llllll

735

3.0

llllll—Ilﬁllllllllll

2.5

2.0

LOAD (kN)

1.5

1.0

0.5

[RESE RSN RN E RS AN SNSRI RRERU RN AR ARRNE RRRRE RRRRASERENRARINRREANENB RN NEBNNT]

lllll]l|l]Illlllllllllllll[l]rrlllIIIIIIIIIIIIIIIllll

0.0 LML L U (L D DN D BN BN I RO A IR B DN N Y N B IR D DY R NN BN B

1 2 3

EXTENSION (mm)

o

KEY —
—— PES

——— 15% VECTRA IN PES
---- 15% SPR1 IN PES

<+— FRACTURE POINT OF VECTRA
<+-- FRACTURE POINT OF SRP1

FIGURE 7.27 - Graph of load vs extension for PES/15%
LCP tensile specimens processed at
340°C and a shear rate of =5000s7l.

136



7.4 WATER ABSORBTION TESTS

This experiment was carried out to see if subsequent
additions of- LCP to PC would increase the barrier
properties of the resultant blend. Figures 7.35-7.36
represent the data graphically, with the best fit lines for
samples containing 0%, 4%, 8%, 15% and 25% LCP in PC. The
results of these tests clearly show that as the amount of
LCP within the sample increased so the ability of the blend
to resist the absorbtion of water also increased. The
author feels that this ability is closely related to the
skin/core effect, which will be discussed fully later. It
can also clearly be seen that both samples containing 4%
LCP absorb virtually the same amount of water (behaviour
close to pure PES). The 8% VECTRA sample appears to have
better resistance than the 8% SRP1 blend, in keeping with
previous results. The 25% SRP1 appeared to have superior
barrier properties, but over a period of time the amount
of water absorbed was much greater, making the VECTRA

blends superior.

7.5 DIFFERENTIAL SCANNING CALORIMETRY

The DSC traces allowed the nematic transition point
of the LCP's to be determined along with the glass
transition temperatures of the matrix polymers. The glass
transitions of the PES and PC were found to be =222°C and
=149°C respectively. The reason for obtaining the glass
transition temperatures was to check the equipment against

standard known data as a means of calibration. The nematic
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FIGURE 7.28 - Fracture facet of PES tensile bar

moulded at 340°C and shear rate
of =5000s-!
MAGNIFICATION x 9

FIGURE 7.29 -

Fracture facet of 4% SRP1l/PES
tensile bar moulded at 340°C and
shear rate of ~5000s"!
MAGNIFICATION x 9
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FIGURE 7.32

Fracture facet of 15% VECTRA/PES
tensile bar moulded at 340°C and
shear rate of =5000s-!
MAGNIFICATION x 26

FIGURE 7.33

Fracture facet of 25% SRP1/PES
tensile bar moulded at 340°C and
shear rate of ~5000s"!
MAGNIFICATION x 24
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transition temperatures of SRP1 and VECTRA were found to
be =304°C and =275°C respectively. The exact temperatures
could not be -determined because there was a degree of

variation between consecutive runs (13°C).

It was necessary to determine the nematic transition
temperatures of the LCP's in order to show that they needed
to be fluid at the processing temperature to confer
favourable properties to the blend. The data obtained from

the DSC runs are shown below (see table 7.3).

MATERIAL WEIGHT (mg) NEMATIC TRANSITION
TEMPERATURE
SRP 1500G 28.16 303°C
SRP 1500G 27.89 307°C
SRP 1500G 31.12 302°C
| SRP 1500G 30.49 305°C
VECTRA 32.45 275°C
VECTRA 31.23 277°C
VECTRA 17.89 274°C
VECTRA 29.06 276°C
TABLE 7.3 - Table of nematic transition temperatures

7.6 MICROSCOPY

obtained for SRP1 and VECTRA for four
separate runs carried out at a cooling rate

of 10°C minutel.

The micrographs obtained can be seen throughout the

results and discussion section, However the main points

will now be highlighted.
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shear rate of =5000s7l.
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7.6.1 TRANSMISSION LIGHT MICROSCOPY

The samples prepared at I.C.I Wilton were observed
through a transmission light microscope. Positions within
the skin and core regions were selected and micrographs
were taken of the 25% LCP/PES blends. There were two main
features observed, firstly the VECTRA/PES blends (see
figures 7.3p and 7.38) appeared to have a more granular
structure. It was also noticed in the micrograph taken from
the core section (figure 7.3%) the VECTRA phase was more
spherical in appearance. The micrograph taken in the skin
region showed the VECTRA to be more acicular (see figure
7.38) suggesting that the VECTRA in the 'skin' region was

subjected to extensional forces (possibly at the outlet).

The PES appeared to be more compatible with SRP1 which
adopted a finer acicular dispersion throughout the matrix.
The core region was made up of a series of wavy lines
between which the SRP1 formed smaller spheroid fragments.
In the skin region a series of bands were observed, one
such band could be seen in figure 7.38 towards the top of

the micrograph.

From these figures it can be seen that the VECTRA is
less compatible than the SRP1 and forms a macro aggregate
within the PES matrix. The SRP1 is not compatible (but it
is more compatible than the VECTRA) and gives a finer

dispersion throughout the whole section.
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7.6.2 EDAX - ELECTRON MICROSCOPY

The Joel JX40A electron microscope was calibrated
using a sulphur standard and the pure PES and SRP1
mouldings were scanned for sulphur. A sulphur (S;) map and
line scan were carried out on the two samples, along with
a secondary electron image (see figure 7.41). The equipment
was used to show any sulphur denuded areas (LCP). The
morphology of the LCP was different in the two regions (see
figure 7.41 A,B and C). The 25% SRP1/PES core image (figure
7.41 C) shows that the SRP1 adopted a ball-like morphology.
Spherical particles could also be seen in the 25%
VECTRA/PES core image (figure 7.41 A). The skin region
(figure 7.41 B) had a higher aspect ratio due to being

elongated in the flow direction.

7.7 MODELLING THE FLOW PROFILES

Values of the shear thinning index and the consistency
constant (Ns%ﬁf) were calculated from the graphs of shear
stress vs shear rate (see figures 7.5-7.7 and 7.12-7.16)
using the gradient and the intercept of the line. Table 7.4

contains the relevant data for the PC/VECTRA blend.

VECTRA PC
TEMPERATURE n K n K
280°C 0.49 4897 0.47 15488
320°C 0.71 467 0.65 1445
TABLE 7.4 - The above table demonstrates the change in

both the values of (n) and (K) for VECTRA
/PC for temperatures (280°C - 320°C).
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FIGURE 7.39 -
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FIGURE 7.40 -

Micrograph from core region of
25% SRP1/PES blend moulded at
340°C and shear rate of =5000s7!
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Micrograph from skin region of
25% SRP1/PES blend moulded at
340°C and shear rate of =5000s-!
MAGNIFICATION x 2500
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The above data weére used in conjunction with

information from the experiment as follows :-

2 _:;- n+1 +1 7.1
VI-(—ZQ}ZZ]n—fl—(RF—rHT) S
where :-
v. = velocity at radial position 'r' within
the die (ms™)
dP/31 = pressure gradient in the die (Pam)
r = radial position within the die (m)
R, = radius of the die (mm)
n = shear thinning index
K = consistency constant (Ns'm?)

The mean velocity within the die region is given by

'¥' which occurs at RD/2 and is calculated as follows :-

ap\3
{;_ al n 'n_;l' (7'2)
2K /) 3n+1 “°

The derivation of these equations can be seen in
appendix A. Using equation (7.2) the velocity can be
calculated at any point across the section of the die. If
all of these loci are plotted a profile results (see figure
4.3). An interface occurs where the velocity profile equals

160

the mean velocity'™. The polymer sandwiched between the die

and the mean velocity is subject to longitudinal
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& LIE S

FIGURE 7.41 - EDAX micrographs showing sulphur
scans for both VECTRA and SRP1
samples demonstrating morphology
and immiscibility of PES and the
liquid crystal polymers.
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acceleration, whereas the polymer between the mean velocity
and the centre line is subject to axial compression.
Remembering - what was said earlier about LCP's under
elongational forces, it can be seen that at the point where
the mean velocity cuts the velocity profile a macro-
interface results. This interface can clearly be seen in
figures 8. 7 and 8. 8. The effect becomes more pronounced
at higher shear rates: in samples which are injection
moulded, the interface becomes more pronounced and moves
closer to the die wall (as n>»>l). Figures 7.42 - 7.45 show
the velocity profiles for VECTRA and PC at 280°C - 320°C
along with the mean velocities of the extrudate. The point
where the mean velocity and the velocity profile of the LCP
intersect was found to be in close proximity to the
interface position. This would indicate that the LCP
induces orientation, without necessarily moving radially
in the die region. The extensional forces in the outer
section of the die act to orientate the LCP molecules,
whilst the axial deceleration in the core acts to compress
the LCP molecules rather like closely packed logs in a
river. This accounts for the region in between where the
accelerating region meets the decelerating region forming

a crack (see figures 7.30, 7.31 and 8.7).
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CHAPTER 8 - DISCUSSION

8.1 INTRODUCTION

The results showed that blending LCP's with the
engineering matrix polymers selected gave blends with
different rheological, physical and morphological
properties. To aid research in this field a range of
experimental tests were carried out to determine the
characteristics of the base materials!®™16, their blends
and the subsequent change in properties, which are
important in understanding what mechanisms occur during
processing. Processing above the nematic transition
temperature of the LCP and a critical composition (=8% LCP)
the author noticed the formation of a definite skin/core
effect in both extrudate and moulded samples (see figures
8.16 and 7.30). In an attempt to explain this a
mathematical model was developed to predict the flow
behaviour using processing conditions along with the shear
thinning index and consistency constant. The author
believes that as the blend passes through the die/gate
region the extensional force causes the material to adopt
its characteristic morphology (this effect would be
enhanced by the acceleration of the outer skin region as
the extrudate exits from the die). The ability to predict
the final morphology using the flow behaviour would be
invaluable in tailoring the resultant structure to one
desired by the polymer processor. The data obtained from

this model show the effect that processing variables have
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on the interface position. The prediction was not as
accurate as hoped (due to shear heating). The experimental
result will now be discussed with reference to the current
flurry of research activity in this area. The author will
then attempt to bring together the separate sections as a
whole and finally discuss the future development work which

needs to be carried out.

8.2 RHEOLOGICAL TESTING

From the papers reviewed by the author it was noted
that there were two methods of testing rheological
characteristics. They give different morphologies and thus
different rheological results. Rotational rheometers use
shear rates which are several decades of shear rate lower
than capillary rheometers; the same material is continually
subject to shearing forces which induce the molecular
architecture of the LCP to 'ball up'. Capillary rheometers
use a testing process where new material is continually
forced through a die (giving rise to both tensile and shear
stresses). This leads to poor overlap117 of the viscosity
data between the two methods of testing. In capillary
rheometers the extensional (tensile) forces align the
backbone chains of the LCP. The orientated domains glide
smoothly over one another lubricating the melt and causing
an overall viscosity reduction. This allows polymers
sensitive to thermal degradation to be processed at lower
temperatures or confers polymers with the ability to fill

larger or more complex moulds at the same temperature.
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8.2.1 RHEOLOGY OF LIQUID CRYSTAL POLYMERS

The framework for the discussion of LCP rheology was
initially postulated by Onogi and Asada®. a plot of log 7
vs log y gave a curve with three distinct regions I,II and
III (see figure 4.9). In Region I the LCP exhibited shear
thinning behaviour followed by Newtonian behaviour (Region
II - a plateauing of the flow curve). In the final region

(III) the LCP exhibited further shear thinning behaviour.

The log n vs log y plots for pure LCP's (see figures
7.3 and 7.4) demonstrate that the behaviour 1is not
Newtonian. The downward slope indicates shear thinning
behaviour. The three region flow curve is cited by many
authors:Cogswell“, Chapoy et al®®, prasadarao, Pearce and

Han'37 .

Cogswell mentions a 'three-zone' flow curve
(referred to by Wissbrun’®) but stated in this paper that
he preferred to use the term two region (presumably region
I was difficult to determine). Both Cogswell®® and
Prasadarao et alY¥ observed a yield stress (implying
Bingham plastic behaviour) along with a 'pseudo-Newtonain' hdwdm;ﬁ
followed by a shear thinning region. Wissbrun’® reported
that PET modified with p-hydroxbenzoic acid had an

observable yield stress which decreased and finally

disappeared altogether as the processing temperature was

increased.

Prasadarao et al? carried out their research on

copolyesters of PET and (PAB + HQTM),ﬂlots of viscosity vs
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shear rate showed Newtonian behaviour up to shear rate of
100s!. Shear thinning behaviour became prevalent as the
amount of (PAB + HQTM) was increased to 46% or greater.
Similar behaviour was observed by Jackson and Kuhfuss?* for

PET modified with p-hydroxybenzoic acid.

Chapoy et al% used the same nomenclature as Onogi and
Asada® and stated that the director was aligned with the
flow field above a critical yield stress y, leading to a
non-Newtonain regime, as in the model postulated by

Currielld

, which relates the capillary diameter and shear
rate to the overall flow characteristics. Chapoy et al%
found that the rheological response of LCP's was
irreproducible at very low shear rates in consecutive
experiments. The behaviour was highly dependent on the
previous thermomechanical history. Overall factors
affecting the rheology were found to be temperature,
previous thermal and shear history and the negative normal
force values, as outlined by Gochanour and Weinberg'!’. They
discovered that completely different results could be
obtained for the same experimental conditions. This is due
to the unpredictable behaviour of mono/poly-domain

morphology.

8.2.2 RHEOLOGY OF LIQUID CRYSTAL POLYMER BLENDS
Work by Leel?® showed that at low concentration of LCP
there was an increase in the spiral mould flow and a

decrease in die swell. Kohli et alll looked at blends of PC
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and an LCP based on HNA/HBA/TA/HQ (similar to the LCP's
used in this study) and noticed that an addition of =5% LCP
resulted in ‘a- 68% drop in viscosity. They found that the
drop in viscosity was proportional to the amount of LCP in
the blend over the range of shear rates studied (results
which correlate to those of the current study). Tables 8.1-
8.4 show the relative % reduction in viscosity for various

compositions of PC blends (both SRP1 and VECTRA).

SHEAR RATE s’
3000 st 9000 s’
PC 100 % 100 %
4% 65 % 54 %
10% 59 % 48 %
25% 54 % 48 %
SRP1 28 % 29 %
TABLE 8.1 - Table to show the relative change in

viscosity for PC/SRP1 blends at 300°C and
shear rates of 3000 s! and 9000 s-!.

SHEAR RATE s!
3000 st 9000 s!
PC 100 % 100 %
4% 96 % 93 %
10% 87 % 86 %
25% 81 % 80 %
SRP1 43 % 48 %
TABLE 8.2 - Table to show the relative change in

viscosity for PC/SRP1 blends at 320°C and
shear rates of 3000 s™! and 9000 s-l.
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The reduction in viscosity in the current study was
not as pronounced as that found by Isayev and Modic%. The
LCP nematic transition temperature (T,), is 304°C for SRP1
processing at 300°C, means that the SRP1 is still partially
unfused and should act as a particulate filler increasing

the viscosity ignoring any shear heating effects.

SHEAR RATE s’
3000 s-! 9000 s!
PC 100 % 100 %
4% 61 % 47 %
10% 58 % 44 %
25% 54 % 41 %
VECTRA 20 % 20 %
TABLE 8.3 - Table to show the relative change in

viscosity for PC/VECTRA blends at 300°C and
shear rates of 3000 s! and 9000 s-!l.

SHEAR RATE s°!
3000 s! 9000 s!
PC 100 % 100 %
4% 96 % 91 %
10% 87 % 80 %
25% 81 % 76 %
VECTRA 30 % 25 %
TABLE 8.4 - Table to show the relative change in

viscosity for PC/VECTRA blends at 320°C and
shear rates of 3000 s™! and 9000 s-!.

Nishimura and Sakai®® stated that if the blend was

processed below T, (LCP) the rheological characteristic of
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the blend would be similar to the matrix. The need for an
overlap of the processing temperature of the matrix polymer

121 and La Mantia et

and the T, is also cited by Lorenzo
all??, The consequence of processing below T, is a higher
processing viscosity than the pure base matrix with no

associated increase in mechanical properties, as seen in

the current study.

The work by Nishimura and Sakai®” involved blends of
PC/PA and Vectra A950(fﬁ; viscosity of the blend decreased
linearly with increasing shear rate at any temperature.
They found the melting temperature T, of the VECTRA A950
was 275°C and demonstrated that the power law index 'n'
varied with temperature. The index increased with
increasing temperature and a large increase occurred at the
melting temperature (T,) of the LCP. Table 8.5 below
demonstrates the variation of the power law index for PC

VECTRA and SRP1.

PC SRP1 VECTRA
300°C 0.52 0.31 0.71
320°C 0.65 0.24 0.64
TABLE 8.5 - Table to demonstrate the variation of shear

thinning index with temperature for PC,
VECTRA AND SRP1.

Nishimura and Sakai®® noticed that if the LCP was
processed below T, the index was suppressed to a low value.
When the processing temperature reached T, 'n' increased
dramatically in value and eventually approximated to 1%.

162



The values for 'n' increase with increasing temperature for
the PC and decrease for the LCP's. The author feels that
this demonstrates the difference in molecular structure of
the two polymers. Malik et al!?} carried out work on PC/LCP
blend and also discussed the different molecular
architecture. They postulated that because of the amorphous
nature of PC it has a rapid decrease in modulus as the
temperature reaches the glass transition temperature (T).
This was due to the nature of the polymer chains fixed in
a ‘'quasi-lattice' with segments vibrating about fixed
positions (see figure 1.1). As the temperature approaches
the T, the vibrational motions become more important
leading to a decrease in modulus. The converse is found to
be true for the LCP's contained within the blend whose
relaxation modulus decreased slowly with time without
passing through a real transition.

1% demonstrated that small additions of

Siegmann et a
LCP (based on HNA/HBA - VECTRA/SRP1l) to an amorphous
polyamide resulted in a large reduction of viscosity from
that of the pure polyamide. They observed that all melts
exhibited non-Newtonian behaviour over the shear rates
tested using capillary rheometry. James et all?® observed
that an addition of up to 20"/0 of LCP to PES gave a four

fold decrease in viscosity. The behaviour was Newtonian up

to 16s”! tested on a rotational rheometer.

Isayev and Modic%2 and Nobile et allf5 noticed that over
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all of the temperatures and shear rates investigated the
viscosities of the blends at intermediate compositions were
found to lie between those of the parent polymers. They
stated that at high shear rate the blend curves lay between
the curves for the pure PC and LCP curves for blends
containing up to 25% LCP. This is in accordance with the
work carried out in this study (see figures 7.5-7.7 and
figures 7.12-7.16) of shear stress vs shear rate. The flow
curves for 4-25% LCP lie between the parent curves and
there was convergence at lower shear rates (see figures
7.12 and 7.13). Over all the shear rates studied the blend
curves exhibited fairly linear behaviour (n#1) which could

be approximated by the power law equation.

Isayev and Modic%1%6 found that the viscosities of
blends of PC and LCP (HBA/HNA) had a range of viscosity
curves which lay between the parent curves for all
compositions of 25% and less, as in this study. They used
scanning electron microscopy and determined at low shear
rates that the LCP formed small spherical particles within
the parent PC matrix. A yield stress was observed for the
pure LCP's at low shear rates; it was not surprising that
a yield stress was also apparent in blends containing
LCP's. Isayev and Modic discovered that the yield stress
and viscosity decreased with additions of LCP up to 5% and
monotomically increased above this value in agreement with

patent literature!l.
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Nobile et all? explained the phenoménon of
intermediate viscosities by observing extruded samples
using electron microscopy. They found that at
concentrations of 5-10% the LCP domains were of the order
of a few microns in diameter with little elongational
deformation. The work also indicated that above a critical
concentration and temperature a fine fibrous network (LCP)

was set up within the matrix.

Chung'?’ noticed there was a minimum viscosity (=10%
LCP) and a maximum viscosity (=20% LCP) for blends of
HNA/HBA and Nylon~12. Below 10% Chung discovered that the
LCP domains were well dispersed with the Nylon 12 matrix
and acted as a lubricant. The LCP formed an
interpenetrating network (see figure 5.1) which led to a
sharp increase in viscosity at =20%. It was theorised that
VECTRA/PC blends (A950 VECTRA) formed miscible blends at
concentrations less than 10% and partly miscible blends

above this concentration!?.

The authors found no viscosity minima as cited in

several texts?0.128

and proposed that the elongation was
insufficient to give an acceptable surface area for slip
to occur. The graphs of viscosity vs concentration (figures

7.17-7.20) show how addition of LCP to the blend lead to

a reduction in viscosity. This was true for all the blends

tested!V,
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Malik et all?® stated that a blend containing only 10%
LCP had behaviour intermediate between the LCP and PC.
Small additions of LCP significantly influenced the
relaxation behaviour of PC over several decades of shear
(see ICI patent!). The author is in agreement with the
results of Malik et alld, although the results from the
current study did not exhibit the same magnitude. The
difference in experimental results are possibly due to the
different blending processes. Malik et al, pre-blended the
polymers for 15 minutes in a Plasticorder, whereas the
blends in this study were processed twice allowing the
vblend to cool in between processes. It is evident from the
work carried out that the previous thermal history has a
direct bearing on the resultant rheological
characteristics. The author was unaware at commencement of
the study of the effect of pre-blending history on
sub;equent testing (an attempt was made to minimise this
affect by treating all of the base materials in a similar

manner).

The LCP/PES blends containing 20% glass fibres and
tested on a Rosand capillary rheometer were found to have
higher viscosities than the corresponding unfilled blends.
The LCP was effective in reducing the viscosity of the
glass filled blends as in the unfilled blends. It is useful
to note that the increase in viscosity encountered by the
addition of traditional filler could be countered by the

addition of LCP. The LCP also increases the orientation in
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the flow direction (in the outer skin regions). The only
major drawbacks foreseen are that the weld 1line and
transverse strength of finished mouldings may be less than

the base material.

8.3 DIE SWELL

Metzner and Prilutskil?’

stated in their paper that
LCP's do not exhibit the strain hardening found in
Newtonian fluids (where the Trouton ratio = 3). The
materials were so inelastic that they exhibited die swell
less than that observed for Newtonain fluids. It is known
that die swell is related to both the elastic properties
of the melt and the velocity profile within the die. At
concentrations above 10% there was evidence of this

phenomenonmﬁﬁ.

Minimal die swell was seen in the majority
of samples and is attributed to the long relaxation times
of the LCP's coupled with their ability to resist elastic
recoil and elongation. The stiff elongated LCP domains act
against the natural recoil of the matrix reducing the die
swell. The addition of LCP's to engineering polymers can

therefore produce blends with less shrinkage, warpage and

higher dimensional accuracy.

8.4 SHEAR HEATING

The pressure forces on a fluid as it is forced through
a capillary causes a change in the internal energy. This
results in an increase of the ambient temperature of the

fluid. The amount by which the fluid increases in
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temperature is seen below in equation 8.1:-

AT=(AP) (8.1)

where :-

AP - is the pressure drop across the die (Mga)

Cp - is the heat capacity at constant volume
(3 kg™ K1)
p - is the demsity (kg m%)
AP
T (i (8.2)
al

combining the two we have :-

Ap o E (le1> | (8.3)

pC,

where :-
1 - is the length of the die (m)

d - is the diameter of the die (m)

Equation 8.3 is a simplified equation and can only be
used as an estimate (i.e. it assumes no heat is lost
through the wall). Heat is not generated uniformly across
the extrudate, the amount of heating is directly
proportional to the local shear rate and shear stréss. The

temperature rise is greater at the die wall (where the
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shear rate and shear heating are higher) than at the core.
This localised heating effect causes the LCP close to the
die wall to have a lower viscosity leading to a local
slip/stick effect giving a further apparent reduction in
viscosity. The local increase in temperature could also be
responsible for the different morphology of the LCP at the
surface (see figure 7.41A~>C), for extrusion temperatures

close to T,.

8.5 FLOW BEHAVIOUR OF LIQUID CRYSTAL POLYMERS

The results showed that the domain texture of the LCP
had a significant effect on the rheology and morphology of
the final blend. The previous processing history had a
bearing on the domain texture and it has become apparent
that the pre-testing history is as important as the

subsequent testing.

LCP's have long relaxation times’!'’6 when compared with
conventional polymers. Tensile flow aligns the LCP; the
long relaxation times involved do not allow the LCP to
relax. The flow process is not sufficiently strong to
compete with previous thermal history which has a direct
bearing on subsequent testing. Standard polymers with
shorter relaxation times are affected by the shear rate to
a greater degree. The interplay between the director and
velocity gradient gives rise to viscous and elastic
stresses modelled by both Fran£ and Ericksenl!¥. Papers by

Cogswell®® and Wissbrun’® demonstrate quite clearly the
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difference in morphology/texture for the LCP in the
quiescent and post stressed stateb At the onset of flow
adjacent domains (LCP) have a similar overall orientation:
Kiss!¥! uses an analogy whereby the structure of the LCP is
represented by uncooked spaghetti and the engineering based
polymers are represented by cooked spaghetti. It shows that
the domains must move together co-operatively since the
transformation from a poly-domain to mono-domain material
involves the removal of the ‘'grain boundaries' or

disclinations®.

The resistance to subsequent flow becomes smaller as
the domains are broken down, leading to an increase in
interfacial area. This process continues until finally the
poly-domain morphology breaks down completely®7/®, The
tensile forces at the entry region to the die cause the
constituent intransigent rods within the domains to line
up almost parallel with one another (in the flow direction)
leading to an elongated LCP morphology. Shearing forces
(rotational component) lead to many smaller domains or
nemata to be produced®®. In the shear region of the
capillary the elongated phase can either relax back into
a spherical morphology or break up into smaller spherical
droplets (see figures 8.1-8.3) as a consequence of
competition between viscous and interfacial forces!!’. High
extrusion rétes and very short dies! (high capillary
aspect ratios) develop and maintain a dispersed LCP

morphology with little or no orientation. Low capillary
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