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The work described in this thesis involved the role of molten metal baths in the quench
cooling of pelyethylene in the production of polymer fibres with high performance. A
melt-spinning rig was designed and constructed. Chapter 2 describes how polymer
fibres were produced from the melt by spinning fibres through a reservoir of molten
melt which was held at temperatures near the melting point of the polymer.
Polyethylene fibres with a tensile modulus of the order of 25 GPa and tensile strength
approaching 1 GPa were produced by a process of melt spinning followed by cold

drawing to a draw ratio of 15.

Raman spectroscopy is an invaluable analytical tool used in a multitude of applications.

The ease and versatility of the technique provides a simple method for identification and

studying crystallinity of specimens. The foremost choice of laser source for FT-Raman
has been the continuous wave Nd*":YAG solid state laser operating at 1.064 pm.
Chapter 4 investigates the possibility of using the 1.319 um lasing emission from the
Nd**:YAG laser as an alternate source. The sensitivity of the source is determined,

applications are illustrated and the limitations commented upon.
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Chapter 1: The relationship between molecular structure and mechanical performance

1. Chapter One: The relationship between molecular

structure and mechanical performance

1.1 Iantroduction.

Polymeric materials constitute the principle proportion of many things we use in our
everyday life. Natural biological polymers are present in our bodies and our food - while
non-biological, synthetic polymers make up a multitude of convenience goods available
in modern times. Although natural polymers have long being known to exist, synthetic
polymers have a very short history and have only been widely used since the middle of
the last century. Nowadays, polymers represent a very large section of the chemical
industry. The plastics industry commenced operations in the mid 1830’s by utilising
natural rubber, and later derivatives of cellulose were discovered and commercialised.
Production of synthetic polymers started in the early 1900’s with the group of phenol-
formaldehyde resins (one of which is commercial “Bakelite”) and the use of styrene in
synthetic rubbers. However, the discovery of these synthetic polymers was made much
earlier: polystyrene in 1839, poly(ethylene glycol) in 1860 and isoprene in 1879, to

name a few examples’ .

In 1920, the concept of macromolecules was proposed and accepted mainly because of
Staudinger’s investigations based upon the polydispersity of synthetic polymers”. Since
then, many scientists have studied in the fields of polymer chemistry and polymer
physics to investigate and characterise the structure and properties of polymers. The
very size of these materials has led to many models being proposed, particularly in order
to understand the morphologies of polymer chains in the liquid and solid phase, models

which are still a subject of some controversy.

This chapter presents a review of contemporary ideas and understanding, using
Polyethylene (PE) as the most appropriate illustration, having received more attention

than any other polymer by the scientific community to date.
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1.2 The structure of polymer melts and solids

Most polymers are semi-crystalline and so display complex morphologies in their solid
state. Crystalline polymers are described as being composed of an ordered or crystalline
phase, where the chains are packed parallel to one another, surrounded by a disordered
or amorphous phase, thus defining a two-phase model. Early X-ray diffraction studies
on the morphology of polymers® showed that perfect order could not be achieved in
polymer crystals. Thus rings in X-ray diffraction patterns appear broad and diffuse,

densities are intermediate between those of the crystal and those of a liquid and melting

points are broad, etc.”.

From X-ray diffraction studies, Bunn’ gave a detailed description of the unit cell of the

polyethylene crystal as shown in Figure 1.1.
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Figure 1.1 : The crystal structure of polyethylene. a = 7.4 Angstroms, b=4.9

Angstroms and c= 2.5 Angstroms (c lies normal to the plane of the page)*
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The crystalline polyethylene exists in an orthorhombic structure with a D4y, point group,

containing two molecular chains and four CH, groups per unit cell.

In dealing with the crystalline state, two different cases must be addressed. A distinction
must be made between the material generated by crystallisation from dilute solutions

and that generated from melts, since from dilute solution, a crystal entity can be isolated
and it can be studied independently of others, which is not the case for phases generated

from melts and concentrated solutions.
1.2.1 Cirystallisation from static dilute solutions.

In 1957 several groups of different workers such as Keller’ and Till* showed how single
crystals of polyethylene could be grown from dilute solutions (<0.1%) in xylene at

60°C. These lamella-like crystals were generally lozenge shaped hollow pyramids which
collapsed under their own weight when drying and were of the order of 50-200 A thick

(as shown in Figure 1.2).

Polymer chain
orientation

Figure 1.2: showing an illustration of a solution-grown polymer crystal.
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Using electron microscopy and electron diffraction, Keller” demonstrated that the
polymer chain axes in the crystal body were essentially perpendicular to the large flat
faces of the crystal, and since the chains were know to be ~ 2000A long with the crystal
thickness of the order of 100A it was concluded that the molecules in the crystal had to
be folded back upon themselves. These crystals were expected to exhibit the properties
of the pure crystalline material. However, density and heat of fusion experiments
showed that they had a significant amorphous content which it was presumed must be
due to the surface, i.e. of molecular folding, and/or to polymer molecules adsorbed on
the crystal surface. Much debate then followed as to the nature of the chain folding.
Different models were proposed as shown in Figure 1.3, where the surface is either
represented by adjacent re-entries with regular or irregular folds or a complete model

(“switchboard” model) with adjacent and non-adjacent re-entries with regular and

irregular folds.

- )
TR

Figure 1.3 Schematic representation of models of the fold surface in polymer lamellae

a - regular adjacent re-entry
b - adjacent re-entry with loose jfolds

¢ - non-adjacent re-entry
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Mandelkern'® put forward the idea that many physical properties of dilute solution
grown crystals of polyethylene cannot be explained by a smooth regularly folded
surface. Keller, however, is a supporter of this model for a number of reasons, such as

for example the perfect orientation of the chains in crystals®.

Atomic models have shown'' that at least five carbon atoms are required to complete
the sharp fold of a chain. However, selective degradation studies'” showed that the
chain length distribution of the segments removed was around C;;, which strongly

favours irregular folds rather than adjacent re-entries.

The controversy on the nature of chain folding in single crystals still exists, but it seems
that the “switchboard” model does not apply to single crystals®. In the case of polymers
crystallised from condensed systems, the situation is much more cecmplex due to the

higher incidence of molecular entanglements.
1.2.2 Crystallisation from condensed systems

Following the discovery of single lamellar crystals grown from solution came the search
for similar structures in melt crystallised material. Compact multi-layer polyhedral
crystals were found to form from concentrated solutions'* (0.3-45% in the case of
polyethylene in xylene) and were termed hedrites or axialites. These species are thought
to be in some respects an intermediate to melt crystallisation, since in some spherulites

the nuclei closely resemble hedrites".

It is possible to grow single crystals from the melt" in some special cases (slow growth
rate in thin films), but usually, due to the entangled nature of macromolecules in the
melt and the almost inevitably rapid rate of crystallisation, spherulitic growth occurs.
Spherulites are recognised by their characteristic Maltese cross pattern when thin
sections are viewed between crossed polarisers under an optical microscope. The arms
of the Maltese Cross lie parallel to the extinction directions of the polariser and

analyser. On rotating the specimen in its own plane, the cross remains stationary
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implying that all radii are crystallographically equivalent. The basic structure is quite
well understood, appearing to consist of a large number of crystallites (of comparable
thickness to solution grown single crystals) radiating in all directions from a central
point - the nucleus. The nucleus can be homogeneous (a molecular stem) or
heterogeneous (an impurity). Figure 1.4 illustrates how the spherulite develops from a
homogeneous nucleus, developing through sheaf like embryos before attaining its

characteristic spherical envelope.

Figure 1.4:  The development of a spherulite from a homogeneous nucleus

At the initial stages of crystallisation spherulites appear spherical but at later stages they
impinge on their neighbours. In cases where spherulites are nucleated simultaneously,
the boundaries between them are straight, but if nucleated at different times they are
different in size when they impinge on one another, causing their boundaries to form

hyperbolae.
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X-ray diffraction studies of the spherulites'® indicates that the fibril axis (the ¢ axis) of
the molecules is oriented tangentially to the radial growth direction of the spherulites.
The c axis is perpendicular to the lamellar flat surface which shows a structural
resemblance to a single crystal solution grown crystal. It has been shown that the
lamellae for polyethylene have a screw like twist along their b axis'®, on the radius of
the spherulite. The distance corresponding to one half pitch of the screw gives rise to
the distinctive banded appearance of the Maltese Cross pattern. The radiating array of

fibrillar structural units in the spherulite is shown schematically in Figure 1.5.

Lamellae \
g

A

X

Figure 1.5: A schematic representation of the spherulitic structure

The crystallisation process of the melt occurs in two different stages'’. Primary
crystallisation occurs until the radial growth of the spherulites is completed and then
secondary crystallisation happens when the remainder of the material crystallises. The
latter stage involves the solidification of any impurities, the low molecular weight
material and branched molecules in the inter-lamellae and inter-spherulitic regions.
When two spherulites impinge during crystallisation, lamellae from both extend across
the boundaries into any uncrystallised material available resulting in a higher strength to

fracture of the interspherulitic regions'*.
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The size of the lamellae inside the spherulites varies as a function of both molecular
weight and crystallisation temperature. The lamellar size 1s almost always thinner than
the average chain length, consequently it is assumed (as it is for single crystals) that
molecular chain folding occurs at the lamellar interfaces. The most likely structure for
melt crystallised polyethylene seemed to be that of single crystals, that is adjacent re-
entry with regular folding, but the degree of entanglement and viscosity of the melt
suggested that regular folding would be, perhaps at least to some extent, partially
hindered. The complex nature of the melt has led to many views being put forward in

order to determine the nature of the fold surface, which even now is not completely

resolved.
1.2.3 The nature of the fold surface

As in the case for single crystals where the thickness of the lamellae is smaller than the
average chain length, the same is seen with respect to melt crystallised polyethylene,

and consequently correlations between these two forms were drawn.

The first model for crystallisation from the melt which gained widespread acceptance
was proposed by Hoffmann and Lauritzen'® when working on molecular models for
polyethylene crystals. The model had adjacent re-entrant folding with regular fold
periods and is illustrated in Figure 1.6. This was supported by Frank and Toshi* with
the exception that the fold lengths were irregular as in Figure 1.7. Geil*" accounted for
the difference claiming that the regular folds were formed in slow crystallised samples

and irregular folds were formed in quench cooled samples.
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Figure 1.6: Adjacent re-entry model with regular folding for melt crystdllised .
polyethylene

Figure 1.7: Adjacent re-entry model with irregular folding for melt crystallised
polyethylene

Figure 1.8: The function of tie molecules in the adjacent re-entry model for

polyethylene
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Adjacent re-entry soon became almost universally accepted as the mode by which
crystallisation took place from the melt. However, physical and chemical properties
indicated that a stronger bonding was present between lamellae. To account for this
interlamellar strength, the concept of “tie molecules” between lamellae added to the
regular adjacent re-entry model was introduced. Krigbaum’s “tie chain” theory™
proposed that tie molecules, unlike the rest, did not fold back immediately, but instead
bridged the neighbouring lamellae by passing through the independent amorphous phase

(uncrystalliseable material such as low molecular weight molecules, chain branches and '

impurities), as shown in Figure 1.8.

Mandelkern' did not believe in the concept of “tie molecules”. He held the opinion that
they were portions of a molecule, not straight or extended as it has been inferred in the

past. Flory and Yoon” described the theory of “tie molecules” as a “clever invention”.

In 1962 Flory** argued that from spatial requirements no more than half the chains
leaving a crystalline region could be accommodated in the neighbouring amorphous
region. To facilitate this the chains would need to reverse direction and re-enter the
crystals, resulting in the formation of loops which would be situated in an interfacial
zone located between the crystalline layer and the isotropic amorphous layer. It did not
imply, however that these chains need be folded regularly as in single crystals. Many
chains were considered to grow not only into and out of one lamella randomly via the
amorphous and interfacial regions, they were also able to cross from one neighbouring
lamella to another. This new model became known as the solidification model,
represented in Figure 1.9. The model explained the high amorphous content, this being
indicative of the molecules involved in the loops at the crystal surface, or those joining
different lamellae. It also accounted for the mechanical strength of the polymer since
there was a large number of chains bridging individual lamellae. In 1979, a major public
discussion® on the organisation of macromolecules in the melt was published. The
arguments supporting either the solidification model or adjacent re-entry model were

based on two analyses, a theoretical analysis and an experimental one.

10
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Figure 1.9: The Flory random re-entry (solidification) model Jor melt crystallised

polyethylene.

Support for the adjacent re-entry model is based on the assumptions on the mobility of
the chains in the melt phase. De Gennes reptation theory® overcame the handicap of
chain mobility being restricted during crystallisation by devising a model where a chain
is assumed to move with a worm-like motion through a tube imbedded in a matrix of

entangled molecules as is shown in Figure 1.10.

fixed obstacle

2

Figure 1.10: A chain trapped in a “tube”" of surrounding polymer chains, (DeGennes

replation theory™).

11



Chapter 1: The relationship between molecular structure and mechanical performance

The motion can be considered to be a “reeling in” of the slack along the length of the
molecule, combined with some movement of the surrounding chains. This “suction” of
the chains due to the crystallisation process would explain the achievement of adjacent
re-entries. Flory and Yoon® claimed that a molecule relaxes and disentangles at a much

slower rate compared to the crystallisation rate enveloping this same molecule.

In reference to the reptation model Hoffman™ pointed out that because the kinetic
theory of nucleation with chain folds has not yet been developed to account for “errors”
such as interlamellar tie molecules or nucleation at two different sites of the molecule,
the radius of gyration of melt crystallised material is overestimated, even though a

significant fraction of the stems in the crystals exhibit adjacent re-entry

To corroborate this point it is important to mention that if nucleation occurs at many
different points along the molecule, (there is no reason to think that it cannot occur)

random re-entries will occur at the surface of the crystals.

Krimm and Jing’s”’ infrared studies analysed the bending mode of CH, and CD; in melt
crystallised mixed crystals and concluded that random re-entry folding predominates
and that folding along the (2,0,0) planes is probably not significant contrary to earlier

published work™®.

For neutron scattering experiments, mixtures of P.E.D and P.E H must be quench
crystallised to prevent isotopic segregation. The results indicate that the chains are
located in approximately the same position after crystallisation as they did in the melt”
which has also been put forward by Hendra et a*°. Wignall ez al’' have suggested that
since the mixtures are made with little or no time for segregation to occur, there must
also be no time for reptation to occur either. Even Krimm has now conceded that
almost 70% of the molecules present in the melt crystallised lamellae have a random re-

entry conformation, the rest being folded adjacently over three or four chains®.

12
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Hendra ef al” studied the crystallisation of polyethylene chains whose mobility had
been artificially restricted by crosslinking. From their work they concluded that the
chains crystallise by a mechanism of random re-entry. Thus, it seems that the

solidification model is close to reality for polyethylene crystallised from the melt.

1.2.4 Extended chain crystals

Extended chain crystals may be grown from the melt when crystallised under very high -
pressure’® ( ~ 5000 atm). Polyethylene crystallises into a completely extended chain
conformation for molecular weight up to ~12000, above which chain folding is found.
These extended chains exist in a metastable hexagonal conformation™, the transition to

orthorhombic phase occurs if the preSsure and/or the temperature falls.

Extended chain crystallisation also occurs when polyethylene is crystallised from stirred

solution™, this subject will be discussed in greater detail in part 1.3.3.

1.3 Stress in semi-crystalline polymers

Generally speaking whenever high molecular orientation exists, arising either from
crystallisation under stress, deformation of semi-crystalline polymers or natural oriented
semi-crystalline polymers, there is an associated fibril-like morphology. It is particularly
important to understand the mechanism of formation of these fibrils since it is

commonly used to increase the mechanical strength of many polymers used in the textile

industry.

The famed fringed-micelle model has been used extensively to elucidate the structural

aspect of polymers. However, since 1957 this fibrous structure has had to be related to

the then newly discovered lamellae.

The deformation process of single crystals is an appropriate and logical starting point,

the investigation of which has served to unify the different theories.
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1.3.1 Deformation of single crystals and Peterlin’s model

An extensive examination of the deformation of single crystals adhering uniformly upon
drying on a deformable membrane was carried out in the later 60’s by a number of

scientists, particularly by Peterlin®.

He proposed a detailed model for the plastic deformation of single crystals of
polyethylene and other semi-crystalline polymers as well as that of the melt crystallised
ones. He made the assumption from a practical point of view, that spherulites are quite

often composed of aggregates of chain folded crystal species.

This model based on wide and small angle X-ray diffraction data>’ and supported by

. 3738 o . .
electron microscopy’ -, describes a three stage process for plastic deformation.

The first stage involves plastic deformation of the spherulite structure. It follows the
elastic extension, where a slight b-axis orientation takes place (in polyethylene
spherulites with the radial orientation of the b-axis), then it yields at very small strain to
irreversible deformation and orientation of the c-axis in the draw direction with b and a

axes 1n the plane perpendicular to it.

After twinning and phase transformation, which represent only a small plastic strain, a
much larger extension can be achieved by chain tilting and slipping. Crack formation
occurs between spherulites due to weaker boundary layers between spherulites, rather
than the densely packed lamellae. It is possible to observe microfibrils bridging the

cracks by electron microscopy.

The second stage consists in the fragmentation of the lamellae or the breaking off of
blocks of folded chains, which are then incorporated in to the microfibrils. The
spherulitic structure having been subjected to local preparation (sliding motion,

rotation, chain tilt and chain slip) during the first stage is transformed to a fibrous one

by this process.

14
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The final stage is in fact closely related to the second since it may well begin before the
second stage is completed. This comprises of the plastic deformation of the fibrous
structure, when the bundles of microfibrils can slide past each other. These microfibrils
are linked by tie molecules which can represent as many as 30% of the chains in
polyethylene with a high draw ratio®®. The fibrous structure would explain the

anisotropy in mechanical properties as well as the strain hardening.

Figure 1.11 illustrates the model for plastic deformation of single crystals proposed by
Peterlin’®, which was then extended to bulk samples®® on the basis of the regular

adjacent re-entry model for melt crystallised polymers.

The deformation of bulk polymers will likely be highly dependent on the morphology of

the interlamellae connections before drawing.

ey fi';;f’ y o
L

-~
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Figure 1.11: The suggested model for plastic deformation by chain tilting, slipping
and breaking off of blocks of folded chains (Peterlin’s model). a) represents the
undeformed crystals; b) phase change and twinning; c) tilting, slipping and twisting;

d) cracks forming, more tilting, slipping and twisting and e) fibril formation
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1.3.2 Deformation of melt crystallised polymers

Deformation of a film of polymer involves the deformation of the spherulites, those of
the crystallites which will result in the orientation of the crystalline (lamellae) and the
amorphous substructure. Scattering techniques provide the best methods® for analysing
the deformation of spherulites, but as Samuels*’ pointed out, the sample preparation is

the major problem if one wishes to apply these techniques.

Spherulite deformation leads to the fibrous structure mentioned in 1.3.1. One could
easily assume that the three stage scheme described also applies to the deformation of
spherulites, however the process is much more complex than for the single crystal. The
extent of unzipping of the chains is not clearly understood due to the uncertainty

surrounding the nature of the inter-lamella connections.

There are two main features which can be observed during the process:

Firstly, the spherulite shape changes finitely with the overall shape of the sample®,
however, at ambient temperature, in polyethylene the spherulite strain amounts to less
than 1%*'. Secondly, there is a separation at the boundaries and destruction of the

spherulites, a process associated with necking*".

A L4t . N 1 1 1
Samuels* has shown that the deformation and structural changes are largely controlled
by the non-crystalline molecules and that different behaviours take place in lamellae

lying at different angles to the draw direction as can be seen from Figure 1.12.

A simple schematic representation of the overall structural changes which occur during

spherulitic deformation is illustrated as a stress-strain curve in Figure 1.13.

16
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. deformed
film spherulite
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Figure 1.12: Schematic representation of the deformation process at the lamellae level

. . .40
(assuming adjacent re-entries™).

micro fibrils
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Figure 1.13: Schematic representation of the structural changes in different regions

of the stress-train cure.
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As was discussed previously in part 1.2.3, it is difficult to assess the changes which take
place at the molecular level if it is assumed that the fold surface of the crystallites is

better represented by random re-entries and entangled molecules connecting the

lamellae.

The exact incidence of local melting and re-crystallisation prior to fibrillar extension is
not yet fully understood, although it is becoming more and more apparent when rapidly
crystallised samples are deformed. Taylor’s work" however, showed that melting was
an essential step in the plastic deformation process when moderately high draw rates |

and environmental temperatures were involved. This result contrasted with both

Peterlin’s and Samuels’ models.
1.3.3 Deformation of molecules in solution

When polyethylene is crystallised from stirred solution, crystals develop on the rear of
the stirrer blades with a different morphology than those which form unperturbed
solutions. The crystals have a fibrilar striated appearance with a high modulus and small
elongation to fracture. Electron microscopy reveals a structure composed of lameliae
strung together at intervals of ~100 nm®. Electron diffraction studies indicate molecules
being orientated mainly along the fibril axes. The distinctive shape of these crystal

entities has earned them the name of “shish-kebabs”.

The crystal core is thought to be composed of partially extended crystal material**, but
not of fully extended molecules. The kebabs form by epitaxial growth using the central
shish as a nucleus. Kebab overgrowth can be removed by successive washing of the

material with hot solvents. Figure 1.14 gives a schematical representation of the shish-

kebab structure.

Since longitudinal velocity gradients in solution extend chains and result in shish-kebab
formation, the question is raised as to whether the same structures can be formed in

. . 4 .
shearing melts. Several workers have studied melts under shear*>*® and it appears
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that they can indeed crystallise in a similar form to stirred solutions, producing extended

chain backbone crystals which nucleate radial by chain folded lamellar growth.

Figure 1.14:  The formation of a shish-kebab crystal.

1.4 Stress in Melts

An extensive amount of work has been carried out on the crystallisation of polymer

melts, as has been discussed.

The process of Stress or Strain Induced Crystallisation (S.I.C.) is an extremely
importance step in the production of polymer fibres and films. The definitive structure
of polymers crystallised by either S.1.C. and/or Temperature Induced Crystallisation
(T.1.C.) will be discussed later in the section but firstly we must examine the structure

of the static polymer melt prior to crystallisation.
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1.4.1 The structure of the static polymer melt

The “random coil model” presented in Figure 1.15 was the first well supported
theoretical concept to describe the melt or the amorphous state, and assumed that the
melt consisted of an orderless mass of coiled molecules. However, the experimental
value of the melt density is higher then the theoretical one predicted by the random coil
model. Robertson®’ suggested that the chains have a tendency to form nodule-like

structures containing parallel chains. This result provoked the proposal of several new

models for the structure of the melt state.

Figure 1.15: Schematic random-coil model.

Yeh* reported the presence of ordered regions of sizes up to 100A from electron

microscopy and electron diffraction studies, which led to the folded-chain fringed

micellar model (Figure 1.16).

Figure 1.16. Representation of the folded-chain fringed micellar grain.
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The Pechhold model* (Figure 1.17) has bundles of polymer molecules consisting of
folded chains with a net orientation in the direction of the long axis of the bundle. These
bundles then superfold upon themselves to produce, what appears on a macroscopic

scale to be, an isotropically oriented material.

Figure 1.17: The bundle model for the amorphous structure of polymers.

Voigt-Martin and Mijlhoff”” electron diffraction data claimed that the peak Yeh had
proposed as being indicative of molecular ordering, appearing between 4 and 6A, was
absent when suitable correction for the background had been made. Uhlman’s *'
investigations on glassy polymers concluded that there was no evidence for any
structures larger than 5A, noting that if the instrument was badly focused then a nodular

appearance resulted.

It 1s more difficult however, to disprove Bundle type models. They occur from a
tendency of the chains to align parallel to each other, but only for chains of a limited
flexibility would such order be preferred. One such example is Polytetrafluoroethylene,
PTFE, which does possess chains with of high stiffness, and has been known to exhibit

. . 52
partial ordering™.
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To date the situation on the order and the structure of molten and amorphous polymers
is not clear. However, the majority of neutron, electron and X-ray diffraction evidence
indicates no detectable order in the bulk amorphous polymers composed of flexible
chains, thus supporting Flory’s random coil model. There is still of course, the major
concern with the anomalously high observed density in the amorphous state. Models
involving partial ordering have been proposed, but with insufficient experimental
evidence to support them, and so no single model appears to adequately account for all

the observed physical properties.
1.4.2 Strain Induced Crystallisation

Strain Induced Crystallisation (S.1.C.) is mainly associated with the process of melt
spinning for the production of polymer filaments. The molecular orientation of a
filament increases with spinline tension, the difference between the take-up and

. .. . . 53
extrusion velocities, and the inverse of filament diameter’”.

Chains which are extended prior to crystallisation can form long fibrous crystals where
the chain axis is parallel to the filament axis. The state of the material represents a
pinnacle of achievement in terms of physical properties, where the strength along the
filament axis is only limited by the covalent bond strength of the constituent atoms. The
maximum theoretical strength and tensile of polyethylene is certainly comparable to the
best steels, and because of the low density of polymeric materials in general, the specific

strength and moduli are potentially among the highest of all known materials**.

A study was made by Hill and Keller** of crystallisation under stress which showed the
initial appearance of a well ordered fibrous crystal, where the c-axis lies parallel to the
applied stress, crystallised isothermally at ~132°C. The X-ray diffraction patterns
showed sharp reflections, indicating a high degree of crystal order. The crystals melted
on the removal of stress and then re-appeared as the stress was re-applied, taking 30-60

mins. at 135°C.
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These were called type I crystals and were found to be of high thermal stability. Type I1
crystals were formed after the appearance of type I, and their degree of alignment was

shown to be a function of the applied stress.

A row-nucleated structure was proposed as 1s represented in Figure 1.18. Type II
crystals were not observed above 133°C, and so the type I crystals at 135°C were

shown to be the nucleating material.
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Figure 1.18: Schematic diagram illustrating row-nucleated structure of polyethylene

crystallised under a) low stress and b) high stress

At low stress, the c-axis is parallel and the b-axis is perpendicular to the applied stress.
The a-axis can vary randomly and the lamellae (type II) are thought to twist as in
spherulite formation from quiescent melts. The twisting allows the type II crystals to be

distinguished from the type 1 by X-ray diffraction.
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1.5 The Young’s modulus of drawn fibres

The tensile modulus, E (sometimes called the Young’s modulus) can be derived from
the initial reversible slope of a plot of applied stress against strain, where the response

of the specimen is purely elastic, see Figure 1.13 (represented as the initial modulus).

All plastic products are made up of long chain molecules which, by definition, are
covalently bonded. In theory if the molecular chains in an article could all be aligned the
material would have exceptionally high stiffness and strength in the chain direction*
since the stress would be opposed by the covalent bonds themselves. The existence of
polymer lamellae, especially chain folded lamellae, gives qualitative evidence of why the
Young’s modulus of macroscopic samples (e.g. fibres) is typically 3-4 orders of
magnitude less than values for the crystal lattice; the reason being that the measured
values relate primarily to the low modulus disordered material. If the modulus of the
crystalline lattice could be approached, in practise it would bring a new range of

potential applications to polymers with stiffnesses comparable to the best steels (210

GPa).
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2. Chapter Two: Novel methods for the production of high

performance polymer fibres.

High performance polymer fibres have the best specific mechanical properties of any
structural material — the specific stiffness and strength being the actual strength and
stiffness divided by density'. Aramid polymer fibres such as Kevlar (Du Pont) and
Twaron (Akzo Nobel) possess Young’s moduli of more than 100 GPa and strengths of
3 GPa but densities of only 1500 kgm™ thus offering specific mechanical properties

comparable and sometimes exceeding those of metals.

There is an increasing demand for high performance polyethylene (HPPE) fibres, with
applications that are complementary to those of Kevlar and carbon fibres. HPPE fibres
are finding widespread use in applications such as protective clothing, body armour,
high-performance ropes, as well as being used as reinforcement in advanced
composites. The high tensile modulus and strength of HPPE is realised through the
high degree of molecular orientation of the flexible linear molecules along the fibre
axis since the load is then supported by the covalent bonds themselves'. Currently
there are three well-established methods used to produce HPPE fibre, namely: (1)
Cappaccio & Ward’s ultra-drawing method?; (2) Zwijnenburg & Pennings’ dilute

solution method® and (3) Smith & Lemstra’s gel spinning procedure”.
2.1 Developments in Polyethylene Fibre Production:

In recent times, developments of high modulus and high strength polyethylenes has
been carried out in several different, but related, activities. In the 1960°s attempts were
made to produce high modulus fibres either by deformation in the solid phase (tensile
drawing) or by solution processing. In 1973, Cappaccio and Ward® demonstrated how,
by hot stretching of samples to very high draw ratio (typically > 30), oriented
polyethylene with a tensile modulus of 70 GPa and tensile strength of nearly 1 GPa
could be achieved. Only moderately high molecular weight (Mw < 500,00) of PE

could be used in this process due to the viscosity restriction during melt-spinning.
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Then in 1976, Zwijnenburg and Pennings® showed that very fine filaments of very
highly oriented polyethylene could be pulled from dilute solutions at high
temperatures. This work achieved tensile moduli as high as 100 GPa and tensile
strengths of 2.5 GPa. Smith and Lemstra® progressed, showing how gel spun fibres
produced by precipitating a moderately dilute solution of polyethylene into a
nonsolvent could be hot-drawn to give fibres with properties comparable to those by
Pennings ef al from the very dilute solutions. This process method is straightforward

and leads itself to commercial production (DSM in The Netherlands) of HPPE fibres.

The properties of PE fibres obtained by melt-spinning and ultra-drawing are relatively
low compared with those of the gel-spun PE fibres but the attraction of melt-spinning
is its simplicity, relative low production cost and it is environmentally friendly’.
Progress in developing major applications has been however comparatiVely slow.
Research at the University of Leeds and Amsterdam™®’ have produced oriented
materials, however, the methods of production have been slow and not attractive for

general industrial purposes.

In parallel with these developments in polyethylene fibres, there have been important
developments in the areas of solid phase deformation by ram extrusion®, hydrostatic
extrusion” and also die drawing and roller drawing'®. This work has demonstrated the
ability to control the crystallinity and orientation in polymer fibres achieving high

performance materials from commodity polymers.

Several years ago, researchers here at Southampton became interested in the quest for
a glass of polyethylene. Such a material was produced by quench cooling the melt and
then retaining it at a temperature below —110 °C. As part of the programme (and it was
doomed to failure because temperatures were well in excess of Tg) preliminary
experiments were carried out using low temperature molten metal baths as heat sinks
(the 1dea being to achieve hitherto unprecedented cooling rates). A process was
devised whereby a thread of polymer was pulled continuously from a die at the bottom
of a shallow tank of molten metal. Fine filaments (~ 150um) were drawn at rates close

to 5 ms™ through metal baths at temperatures of 120 °C. The rapid cooling process
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produced materials which were found to be up to 80% crystalline by X-ray diffraction.
The fibres were also found to be very highly oriented. The lamellar thickness derived
from the Raman LA mode were around 180 A and polarised Raman measurements
showed that the z-axes of the lamellae were almost perfectly parallel to the draw
direction. The fibres also showed enhanced mechanical properties compared with those

allowed to cool through air' "2,

The process demonstrated the viability of polymer processing through molten metal
baths and its ability to affect crystallisation kinetics. It was necessary however to
explore the overall scope and limitations of this new processing technology as a route
to fibres with enhanced mechanical properties. Melt spinning through the molten metal
bath followed by effective cold drawing was proposed as a method to produce PE
fibres with mechanical properties comparable to those obtained by Ward er al. Molten
metal bath processing offered the potential advantage of producing fibres at a faster
rate compared with other methods of production and of being straightforward and

highly cost-effective.
2.2 The Processing of Polymer Melts

Polymer processing typically involves flowing the polymer melt through a die or into a
mould, followed by rapid solidification; this frequently involves crystallisation. The
cooling process can determine some of the polymer properties. For instance, the
combined effects of shear and extension during the cooling stage can induce a degree
of orientation of the polymer. Crystallisation kinetics in flowing melts is of central
importance in the processing of high performance materials. However, the main
difficulty in studying such kinetics is the need to achieve a high degree of control over
the processing conditions. In particular the rates of extrusion, extension and heat
transfer are thought to directly determine the mechanical properties of the final
material. Moreover, the conditions must be highly reproducible and achieved at a
commercially realistic rate. A polymer processing system was thus designed to allow
the required degree of control over these processing variables together with the high

degree of reproducibility.
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The use of a molten metal bath as a heat transfer medium has several features which
makes it advantageous for investigating and controlling crystallisation kinetics. The
bath temperature can be set to cover a wide range of temperatures (40 °C to >300 °C)
through a choice of low melting point alloys (e.g. proprietary mixtures based on
antimony). This allows the flowing polymer melt to be subjected to a variety of
quenching rates, and hence to relate crystallisation processes to depth of quench.
Metals combine a low heat capacity and high thermal conductivity making the heat
transfer capacity per unit area 3 times more effective than air. The flowing polymer
can be then subjected to a variety of cooling rates which can hence be related to the
crystallisation rates. The combination of flow and heat transfer properties can achieve
temperature gradients along the polymer as it emerges from the die. The metal has a
restraining effect on the flowing polymer and affects the drag coefficient at the
polymer interface on being drawn. A ‘fountain’ of molten metal surrounds the fibre as

it emerges from the bath.

2.2 Fibre Spinning Rig

This section gives a description of the melt spinning rig, purpose built at Southampton
and employed in this study. Figure 2.1 shows the apparatus which was used for the
process. The rig is comprised of four distinct parts; a general purpose extruder
(Baughn 1.25" commercial extruder), a die (1 mm diameter) allowing extruded
polymer to enter directly into a molten metal reservoir (low melting point metal alloy)
held at a temperature just below the melting point of the polymer. Fibre can then be
wound onto a bobbin and stored; the speed of the spin line allows variable take up
velocity of the polymer fibres which determines the extension and hence the diameter

of the polymer monofilament produced.
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Figure 2.1: Schematic illustration of the fibre spinning rig
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2.2.1 The Extruder

The extruder is the primary processing machine used in the polymer industry. Figure
2.2 illustrates its main features. It consists of a long Archimedian screw operating in a
heated barrel. A hopper feeds the polymer into the water cooled feed zone, into the
extruder barrel where it is then pushed towards the die by the screw; the design
involves gradually decreasing clearance between the screw and the barrel walls and the

consequent reduction in volume forces the polymer particles together.
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Figure 2.2: Schematic cross section through an extruder

The purpose of extrusion is three fold; it melts the polymer by contact with the barrel
and combined with the action of the screw, homogenises and compresses the material.
The screw (length to diameter ratio of 20:1) is driven at a constant speed by means of a
motor and a continuously variable hydraulic drive. The maintenance of constant screw
speed is important in producing a constant stability of output whilst allowing the fibre
to be significantly drawn down by the melt spinning process. Heating units and
chromel-alumel thermocouples maintain the extruder barrel at an operator-selected

temperature sufficient enough to melt the polymer and reduce its viscosity.
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A. Extruder B. Extruder Flange C. Reducing Flange D. Pressure transducer

E. Breaker Plate and filter pack F. Fitting for die block

Figure 2.3: Components of the spinning rig

2.2.2 The Flange and Die Block Assembly

The resultant melt is then forced through the stainless steel extruder flange containing
a breaker plate and a wire mesh filter pack which are used to provide a constant back
pressure and also provide homogenisation. These components are illustrated in Figure
2.3. The melt pressure inside the extruder flange was monitored using a Dynisco
pressure transducer with a digital read-out facility (p.s.i. units). A reducing flange then
allows the melt to flow easily into the die block (6 mm internal diameter tube) which
turns the melt through 90 ° upwards into the die. Each component is heated separately
allowing control over the temperature gradient of the entire processing rig. The
detachable die is covered with an insulating seal (as in Figure 2.4 below) to minimise
heat transfer into the molten metal bath and to prevent molten metal from leaking. The
seal design allows the polymer to flow straight into the molten metal bath and allows

the fibre to be pulled directly from the tip of the die.
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Figure 2.4: Schematic of die block and die/seal/molten metal bath assembly

The only metal to metal contact from the die to the bath in the final assembly was
where the tip of the die allowed the passage of polymer directly into the liquid metal
bath. In this way, the temperature of the bath and die could be controlled

independently over the temperature range required for experiments.
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2.2.3 The Molten Metal Bath

A mild steel cylinder was welded to a circular steel plate to act as a container for the
molten metal. A stainless steel valve was fitted to the cylinder base to allow the molten
metal to be drained off when required. The metal used, supplied by Hostalloys, was an
alloy of bismuth, tin and lead, with a melting point of 97 °C. Two large band heaters
surrounded the reservoir and were powered by heating units that maintain control of

the bath temperature to within 1 °C. A stirrer was also fitted in the molten metal bath to
ensure an even temperature throughout the liquid metal (a temperature difference
between the top and bottom was as high as ~15 °C without the stirrer). The splash tray
prevented molten metal from spattering out from the bath. To safeguard against any
fumes given off from the molten metal bath an extractor was fitted which Was linked

from the bath to the fume hood by means of a sealed hose.

The whole assembly was bolted together through six holes in the bath base plate and
an insulation plate fitted to the die block. Fibre washers were used under the bolt heads
acting as thermal insulation of the bath from the bolts. The holes in the insulation plate
and the metal bath base plate were drilled to allow clearance of the bolts, again

improving insulation of the heat sink from the die.

- 2.2.4 The Spin line and Wind-off facility

Figure 2.6 shows a front elevation and side view of the wind off facility. The main
support board was made of 15 mm thick plywood. The filament was wound over two
rollers and then wound onto a collection bobbin. Two thyristor controllers powered
two type 764 Parvalux electric motors and provided an infinitely adjustable speed such
that a constant tension was maintained in the fibre. The free running roller was allowed
to pivot on an arm which offered an appropriate resistance to movement and
maintained fibre tension. The speed of the take-up bobbin (spinning speed) was

monitored by a simple mechanical tachometer.
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Figure 2.6: The spin line

2.4 Mechanical Testing

Mechanical testing of the fibres was performed using a tensile testing apparatus
devised to fit on a Myford Super 7 mechanical lathe. The fibre sample was held
between two clamps; one clamp was bolted to the bed at the tail stock end and the
other attached to a load cell, which was bolted to the tool post with the thread cutting
facility providing a range of crosshead speeds. The fine diameter of the specimens
produced in this study was in itself a problem. To remove the possibility that the
sample might be damaged during testing, the ends of the fibre were wrapped with a
soft tape to protect the fibre ends from being compressed by the clamps and to prevent

the fibre sample from slipping during testing.

The output from the load cell was fed to a strain gauge amplifier (see figure 2.7) which
produced a voltage signal which was plotted on chart recorder. Calibration of the load
cell and the chart recorder was achieved by the use of standard weights. The Young’s
modulus was derived from the initial slope of the stress-strain curve knowing the
diameter of the fibre. The tensile strength and extension at break was calculated for the

fibres.
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When the applied stress causes strain in excess of the elastic limit, plastic flow follows
and the sample yields. Plastic flow is accompanied by necking of the material, where
the cross section of the material suffers a highly localised reduction. The orientation
introduced into the material beyond this point raises the modulus above that of the
unyielded material such that the neck is seen to transverse the sample length with ever
increasing strain. The sample length was 30 mm and the crosshead speed was 5
mm/min. In order to accurately measure the initial slope of the stress-strain curve the

paper speed of the chart recorder was set to 150 mm / min.

Digital Volt Meter
(Chart recorder)

-9 0 com
Load Cell
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M?ms oupy (Strain Gauge)
n
+12V +Vs + bridge supply
R — A
ov ov + mnput
N .
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- bridge supply
+12V Power Supply

Strain Gauge Amplifier

Figure 2.7: Simplified circuit diagram of the Strain Gauge Amplifier used for

mechanical testing.

The quality of the fibre used was important for plastic deformation experiments as the
behaviour of the samples was found to be variable; only those samples which had the
same behaviour under stress (decrease in width, formation of a neck and propagation

along the length) were considered for study.



Chapter Two: Novel methods for the production of high performance polymer fibres

2.4.1 Fibre Cold-Drawing Apparatus

A straightforward fibre cold-drawing apparatus was purpose-made to draw the fibre
specimen in a controlled manner. The polyethylene fibre specimen was securely
clipped at both ends. The lower clip was fixed on the bottom of the main frame, which
itself was fixed in the cup. The drawing fibre length was 10 mm due to the restriction
of the cup height. The fibre sample was immersed into glycerol and heated by the
surrounding heating bands to a chosen temperature. The temperature can be
maintained to + 1°C. The upper clip was connected to a steel wire, which was held in a
clamp bolted to a 2-kilo-load-cell. The load cell was bolted to the tool post of a Myford
Super 7 mechanical lathe, so that the thread cutting facility provided a range of
crosshead speeds. The draw ratio was determined by measuring the specimen lengths

before and after drawing and ratioing the drawn length against the original length.

connected to lathe * _( 0\
C
/]

main frame

glycerol 60 — 120 °C

heating cup

heating band

fibre securing clips

HON -

10 mm

fibre specimen

O 01°

Figure 2.8: Schematic representation of the fibre cold-drawing apparatus
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2.5 Annealing

The heat treatment of materials in order to relax stress or to reduce defects is termed
“annealing”. Annealing of PE fibres at a temperature close to but less than its melting
point may activate internal mobility and promote greater stability by, for example, the

elimination of stresses or defects in a general movement towards the thermodynamic

equilibrium condition"’.
2.5.1 Theoretical treatment

The thermodynamic equation for a change of state is represented as 7
AG=AH - TAS (Eqn.2.5.1)

where the terms have their usual meaning.

Considering the solid to liquid phase transition, AH is the heat of fusion of the
material, subscripted AHy. TAS increases with rising temperature until, at the melting

point of the material, T, AG vanishes and the two phases exist in equilibrium.

Equation 2.5.1 applies to all low molecular weight, homogeneous materials that have a
well-defined melting point. Polymers are, of course, high molecular weight materials

~ of heterogeneous composition, and the melting point may be related to the heat of

fusion by'*
T = Tu® [ 1-20./ AHy L] (Eqn.2.5.2)

where Ty,° is the melting point of an infinitely thick crystal (146°C)
20, is the fold surface free energy
L i1s the lamellar thickness.

The lamellar thickness, L, may also be related to the heat of fusion, AHj, byls’16

L =[2c. Tn’/AHy AT] + 8l (Eqn.2.5.3)
where AT represents the supercooling and 81 varies slowly w.r.t. AT as a consequence

of kinetic theory'*.
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It is clear from equation 2.5.3 that the lamellar thickness decreases with increasing
supercooling, and from equation 2.5.2 that the melting point decreases with decreasing
lamellar thickness. This implies that a sample which has been rapidly quenched from
the melt has thinner lamellae and a lower melting point than a sample allowed to

crystallise at a temperature close to the melting point i.e. with a smaller AT, and this is

known to arise.
2.5.2 Effects of Annealing

The thickness of crystals formed during crystallisation may be increased by heat
treatment of the condensed phase. Raising the temperature of the solid material to a
value close to its melting point increases the thickness of the lamellae; this follows of
course from equation 2.5.3 above. Annealing polymer fibres increases the chain
mobility within the crystali lattice to an extent where the lamellae are allowed to

approach their thermodynamic equilibrium state more closely.
2.6 Initial Investigations of the Polymer Processing Rig

The Polymer Processing Rig produced was based on a small Baughan Laboratory
extruder loaned to and then donated to the University by the EPSRC Polymer
Engineering Directorate. The extruder operated horizontally but the original research
had involved turning the direction of the flow from horizontal to vertical beneath the
molten metal bath, as in Figure 2.9. At the start of the programme, it was pointed out
that since one of the major problems in the past had been sealing the base of the molten
metal bath to the unit below it therefore was logical in running the whole system
vertically. A machine was therefore designed (by Dr. Y.D. West during her
appointment to the project) around the barrel of the extruder set vertically, the drive
system re-engineered, die and bath above the extruder flanges and wind-off facility

positioned above that; the total height was around 3m.
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Figure 2.9: Schematic illustration of the original fibre spinning rig operating

vertically
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A wide range of operating conditions was investigated initially in order to determine
the optimum conditions for the production of polyethylene monofilaments. The
extruder was set up with an experimentally optimised increasing linear temperature
gradient from 150 to 180 °C along its length; this temperature gradient was maintained

throughout the course of these experiments.

In order to produce monofilaments it is essential to have a constant flow of polymer
through the die. Necessarily this requires the uniform production of the polymer melt
which must also be free of all inhomogeneities. To achieve this, it is also necessary to
feed a constant amount (at a constant rate) of polymer directly onto the screw of the
extruder barrel. A number of hopper units of varying design were produced and tested
but all proved ineffective in giving consistent output of polymer fibre. On occasions a
reasonable flow of polymer fibre was achieved from the die and enabled preliminary
experiments to be carried out employing the molten metal bath. Varying the
parameters of screw speed (0-20 rpm) and temperature gradient of the extruder / die
assembly failed to give a reproducible, homogeneous and continuous flow of polymer

from the die. In essence, the extruder assembly was a complete failure — the extruder

was not feeding properly.

During the course of these initial experiments the rig suffered a major structural failure
between the top of the extruder barrel and the filter pack /reducing flange unit. It
should be stressed that melt pressures around >10000 p.s.i. were accidentally achieved
and so failure had serious mechanical consequences. The rupture of the system caused
the extruder flange/ bath assembly to be distorted in the process and thus the rig was

dismantled for repair and as it turned out — complete redesign.

The reason for the failure was ascertained to have been the result of inappropriate
pressure tolerances being allowed during the initial experimentation with the rig. The
sample of polymer used may have also degraded with time (over a period of ~20 years)
or possibly the melt viscosity may have been too high for this particular application.
The exact reasons were never fully investigated during the time of these initial
experiments (admittedly inexperience on behalf of the author) and the polymer was

discarded.
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The repair and reconditioning of the damaged components was successfully carried out
by the Departmental Workshops. The extruder was rebuilt to operate horizontally (as it
was originally manufactured) to eliminate the problem associated with the feeding.

The original design of the extruding rig was such that adjustment to make the extruder
operational in a horizontal position was easy. The new extruder rig incorporated a
specially designed die block enabling polymer melt to flow from the reducing flange

and be turned by 90 ° upwards through the die, see Figure 2 4. Hostalen GF7750M

high density PE (extrusion grade for monofilaments) was selected as a starting material

to determine the optimum conditions for the production of polyethylene fibres with the

redesigned apparatus.

The extruder was set up with an increasing linear temperature gradient along its length
from 150 to 190 °C. The temperature of the molten metal bath was set between 108
and 130 °C. Initial investigations were quite successful and numerous fibre samples
were obtained. However, several problems also became evident. Firstly the extruder
screw speed controller was unreliable hence giving a non-reproducible flow rate. It
was thus necessary to monitor the flow rate; this was achieved by weighing samples of
the extruded polymer at 1-minute-intervals. This process was repeated several times
and an average taken. If the screw speed was too slow, fibre production was unstable
and often discontinuous, whilst if the screw speed was too high, air bubbles were
found in the fibre resulting in the material being inhomogeneous. A screw speed of 5

rpm was found to be optimal, allowing stable flow.

On a number of occasions, the polyethylene melt and/or molten metal leaked through
the seal joining the die to the bath. A number of different seals were designed and
tested. The arrangement illustrated in figure 2.10 was found to yield the best result.
The seal design allowed the polymer to flow and be drawn directly from the tip of the
die straight through the seal (without having to pass through any ‘dead space’ inside
the seal itself) and easily through the oversized hole into the molten metal bath. The
top ‘O’ ring stopped liquid metal from leaking around the outside of the seal while the

lower ‘O’ ring prevented the liquid metal from leaking through the inside of the seal.
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Die tip

‘O’ rings

1 mm diameter hole

Base of molten
metal bath

insulating seal

Die

P
Smm

Die

Figure 2.10: The seal and die assembly
(die section enlarged from figure 2.4)
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Some 1nitial spinning conditions and properties of the fibres obtained from
polyethylene grade Hostalen GF7750M are presented in Table 1. The results presented
were achieved working in collaboration with Dr. S. Lu during the period of his

appointment to the project.

Table 1. Spinning conditions and properties of fibre obtained from GF7750M.

Sample | Polymer spun Spinning Fibre Young’s Tensile Extension at
number through speed diameter modulus strength break
m min™ pm GPa MPa %
1 Alr 100 330 1.6 380 1230
2 Air 100 300 15 490 — 157
3 Sample 2* 120 4.2 570 135
4 Alr 300 230 1.4 360 960
5 Air 300 260 1.9 370 570
6 Sample 5* 110 2.1 540 26
7 Metal/115 °C 60 420 12 50 56
8 Metal/112 °C 90 330 2.3 69 12

* specimen was re-tested for mechanical properties

It is clear from the results listed above that the fibres spun through air are quite
different from those spun into molten metal. The fibres spun into air can be further
extended by ~10 times before they fracture, whereas those spun into the molten metal

are quite brittle and can only be extended by 50%.

Several factors may explain the mechanical properties obtained from the molten metal
bath spun fibres. The fibre spun through molten metal may have a higher degree of
orientation along the fibre axis due to the drag on the fibre in comparison with the fibre
spun through air of the same diameter. The degree of orientation in the fibres limits the

maximum achievable draw ratio. The polyethylene grade used may not have had the
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appropriate molecular weight and molecular weight distribution for molten metal
processing. It should also be noted that the relevant molecular weight data for the
selection of different PE grades was not available from the supplier’. These initial
investigations however allowed the candidate to gain experience with the molten metal

bath technology, spinning operation and mechanical testing.

Following rather obscure advice from Hoechst UK Limited Polymer Division
(suppliers of Hostalen grades of PE) GF4670 grade was “selected” for the next phase
in the production of high performance fibres. At this stage (due to the time restriction
on the project) it was decided to concentrate efforts on the possibility of a

commercially interesting discovery.

Researchers at Southampton ''? had in the past carried out extensive investigations
into the production of polyethylene fibres using molten metal bath technology. The
fibres showed a decrease in diameter and an increase in modulus as the wind off speed
at each temperature was increased. The decrease in fibre diameter was due to the fibre
experiencing greater draw down at higher wind off velocities before crystallisation
occurred to halt the draw down process. The higher degree of melt draw-down in-turn
clearly produced a higher degree of orientation in the fibre and a corresponding
increase in the observed modulus. It was also shown that the modulus of fibres spun

into the molten-metal cooling bath was in excess of those spun into air at similar rates.

France'' conducted experiments to assess the affect of drawing at elevated
temperatures  produced with the molten metal bath at set 130 °C. Initial experiments
determined the maximum achievable draw ratio at 90 °C. Drawing was attempted at
90 °C and 125 °C although the latter failed to produce a draw ratio in excess of A = 4
before breakage of the fibres. Fibres drawn at 90 °C showed an increase in modulus

and a decrease in fibre diameter. The fibre produced at 2.5 ms™ showed the highest

I Considerable efforts were made to obtain the M., & M, values and of course, the molecular weight
distribution of the polyethylene samples we could therefore access. Unfortunately the suppliers pleaded
ignorance so we found the selection of materials very difficult and unsatisfactory.

" This process may still be referred 1o as “cold drawing’ since the temperature of the environment was
below that of the crystalline melting point. ‘Plastic deformation’ at elevated temperatures might be a
more suitable description.
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achievable draw ratio at 90 °C before failure, consistently attaining high value A . The
corresponding modulus (40 times the value for an unoriented pressed
sheet of the same polymer) were the highest achieved and exhibited the highest degree

of crystalline orientation.

O
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Spinning speed / m min”
Figure 2.11. Plot of Amaxat 90 °C against spinning speed
15
12
e 97
@)
m 6
2 L 4
34
0 T T T ? T T 1
0 50 100 150 200 250 300 350 400

Spinning speed / m min”*

Figure 2.12. Plot of the corresponding modulus (E) against spinning speed.
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Figure 2.11 shows a plot obtained by France of the maximum draw ratio at 90 °C (Amax
90) against the original take-up velocity of the as-spun fibres, produced with the bath
at 130 °C. The corresponding moduli of the fibres after cold stretching (tested at 18 °C)
is shown in Figure 2.12. There is an obvious similarity between the two plots and
hence the modulus of the material reflects the degree of drawing. The fibre produced at

150 m min™ with diameter ~ 200um showed the highest draw ratio, A = 18, yielding a

modulus of 13.8 GPa.

These results led the candidate to carry out further investigations into melt spinning
through the molten metal baths followed by cold drawing as a method of producing a

high modulus fibre with commercial potential.
2.7 Initial investigations with Hostalen GF4760

The wide range of running conditions described in section 2.5 were again repeated
using Hostalen GF4760 grade PE. The extruder was again set up with an increasing
linear temperature gradient along its length from 150 °C to 190 °C, and was maintained
throughout the course of these experiments. The extruder screw speed set at 5 rpm was

also found to be optimal for both flow stability and draw down of the fibre.

The effect of extruding the polymer through a smaller die (0.5 mm) was also
investigated. The decrease in thickness of the fibre however made it significantly more
difficult to spin and draw-down resulting in frequent fibre breakage. The melt
pressures experienced in the extruder flange were found to be in excess of 12000 p.s.1.
at a screw speed of 5 rpm which was considered as too high for the processing rig.
Having experienced a major structural failure during initial testing in the past, a more
cautious approach was taken during these experiments. The 1mm diameter die was

thus selected.

The effect of varying the temperature of the molten metal bath was studied. It was
found that the bath temperature had to be in excess of 104 °C to allow the polyethylene

melt to flow evenly from the die and be wound on the collecting bobbins. The
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maximum achievable take up velocity was expectedly'™'? found to rise with increasing
bath temperature, for example, at 130 °C the fibre can be spun at ~360 m min” with a
thickness of ~100pum. The candidate conducted further experiments using France’s
technique of melt spinning through the molten metal followed by cold drawing to

produce a high modulus fibre.

2.7.1 Results

In Table 2 an example is illustrated of some of the mechanical properties obtained
from a 200um fibre spun into air and cold drawn at 95 and 75 °C. The mechanical

testing apparatus used during these experiments has been described in section 2.3.2.

Table 2. Fibre spun at 300 m min™ through air, cold drawn and tested at room

temperature.
Drawing Draw Fibre Young’s Tensile | Extension at
Temp. ratio diameter | modulus strength break
°C ?) pm GPa MPa %
As spun " 200 0.9 560 650
95 8.7 95 3.4 314
75 14.4 60 9.0 780 17.6

The most significant feature from these results is the high draw ratio achieved at 75 °C.
The modulus of this fibre was 9.0 GPa which was 10 times greater than the as-spun
specimen. The fibre drawn at 95 °C was found to behave like a brittle material when

tested. The extension at fracture value was therefore not noted.

An examination was then carried out on series of fibres produced by spinning through
the molten metal bath at 125 °C. The polyethylene was spun at a rate of 180 m min”
and produced fibre with a diameter of 190um. The modulus was measured and is

presented in Table 3. The fibre was then annealed in an oven for 1 hour at 120 °C and
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re-tested. Both fibre specimens gave identical moduli when tested. An interesting
aspect however was the manner in which the as spun fibre behaved like a brittle
material whereas the opposite was observed from the annealed fibre. The annealed

fibre extended to almost twice its length before fracture when tested.

Table 3. Mechanical properties of as spun through molten metal bath at 125 °C and

annealed fibre.

Fibre Fibre Young’s Tensile Extension at-
Specimen diameter | modulus | strength break
. pm Gpa MPa %
Metal " 190 2.2 64
Annealed ™*° 190 2.2 50 180
c

The fibre annealed at 125 °C for 1 hour was then subjected to cold drawing at a series
of different temperatures using the experimental set up described in section 2.3.1. A
plot of the maximum draw ratio (Amay) against the cold drawing temperature is
represented in figure 2.13. The highest draw ratio of 14.7 was achieved at a
temperature of 70 °C. Plots of the corresponding Young’s modulus and tensile strength
against the cold drawing temperature for the series of fibres are illustrated in figures

2.14 and 2.15 respectively.

16

4 T . . . . T
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Cold Drawing temperature / °C,

Figure 2.13. Plot of the maximum draw ratio (Au.) against cold drawing temperature
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There is an obvious similarity between the three plots. The modulus of the fibres
reflects the degree of drawing. The fibres that were cold drawn at 70 °C showed the
highest draw ratio and consistently attained a value of A = 15. The corresponding

tensile modulus of this fibre at 25 GPa and strength approaching 1 GPa was the highest
achieved and is significantly enhanced in comparison with those previously obtained.
The maximum draw ratio was found to be less than that reported by France however
this may simply be a consequence of the grade of polymer which was used. The
increased tensile modulus achieved from these fibres is in support of a higher degree of”

orientation being present, which may in turn Iimit Amax.

Table 4. The variation of fibre diameter and extension at break with the drawing

temperature.

Drawing Draw Fibre Extension at
Temp. ratio diameter break
°C ) pm %
120 6 85
95 6 90
85 11.4 80
75 13.8 75 15
70 14.7 70 12
65 12.5 75 8.9

During the cold drawing process, the samples extended by necking and displayed the
whitening characteristic of void formation'. This would explain the non-linear
relationship between the draw ratio and the fibre diameter from the results presented in
table 4. The values for extension at break were again not noted for the brittle fibres
when tested. The results serve only as an indication of the potential that molten metal
bath melt spinning offers for the production of high modulus fibres. The results are
promising but it is strongly felt that they can be further improved upon using a more

appropriate grade of polyethylene for the technology.
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3. Chapter Three: Vibrational Spectroscopy: Theory and

Instrumentation

Over the course of this century, vibrational spectroscopy has evolved into a very
powerful, yet routine analytical technique. Both infrared and Raman spectroscopies
offer us the opportunity to study the structural and morphological properties of a large
variety of materials. Applications have been developed to a stage appropriate for rapid,

routine and convenient analyses of most liquids and solids.

The underlying principles of vibrational spectroscopy remain as important a foundation
as ever. It is with this in mind that a brief account of the fundamentals of molecular

vibrations and basic instrumentation is described in this chapter.

3.1 Vibrational Spectroscopy

In any molecule, the atoms are in continual motional state, oscillating or vibrating about
their equilibrium positions. Gas phase molecules are free to rotate freely about their
three orthogonal axes. The angular velocities about these three axes can only have
precisely permitted values, i.e. the rotational energy of the molecules is quantised.
Molecules can only change their rotational energy level by taking in or releasing an

amount of energy equivalent to the difference in energy between two of its states.

In addition to rotation in the gas phase, molecules vibrate at all times and these
vibrations also have quantised energy levels. Transitions between these levels generally
occur via the emission or absorption of energy as electromagnetic radiation. The study
of this interaction between electromagnetic radiation and molecular vibrations, as a

function of the energy of the radiation forms the basis of vibrational spectroscopy.
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Molecules exhibit a complex series of vibrations which area superposition of many
fundamental modes of vibration. A fundamental mode of vibration occurs when all the
nuclei undergo harmonic vibrations at the same frequency and move in phase, not

necessarily with the same amplitude, and with the centre of mass remaining fixed.

N atoms in a molecule can be modelled as a series of point masses connected by springs
such that when the spring and mass arrangement is set into motion a complicated
movement results. Each atom within a molecule has three possible motions
corresponding to the (arbitrary) orthogonal co-ordinate system, X, Y and Z. The total
number of co-ordinates required to specify the location of all N atoms is 3N. Three co-
ordinates are needed to specify the location of the centre of mass of the molecules, and
so three of the displacements correspond to the translational niotion of the molecule as
a whole. Of the remaining 3N-3 non-translational ‘internal’ modes of the molecule, 2
(linear) or 3 (non-linear) co-ordinates describe rotational displacements. This leaves
3N-5 (linear) or 3N-6 (non-linear) displacements which yield the number of

fundamental modes of vibration in a molecule.
The vibrations of a diatomic molecule may be approximated using the convenient but
acceptable model of the simple harmonic oscillator. Two masses m; and m; are

connected via a spring with a restoring force proportional to displacement, hence

following Hooke’s law with a spring constant, or modulus, k (Nm™).

Figure 3.1: The ball and spring model
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When m; and m, are set into motion the arrangement vibrates with simple harmonic
motion (SHM) about the centre of mass and with a frequency given by the well known

relationship

L |k p= 2 (kg)

vV=—_/—
2n\p (3.1);(3.2) m, -+,

where p is known as the reduced mass.
The potential energy, V, at displacement r is given by the parabolic function

V=Lr* (3.3)
2

The model is a reasonable approximation but is over simplistic; in a real molecule one of
the atoms could be displaced to the point where the bond breaks. Molecules actually
vibrate anharmonically and the potential energy versus displacement curve is not
parabolic. One of the older but reasonably accurate analytical descriptions 1s the “Morse

function”, derived in 1929' and shown below:
V=Deq[1'exp { a(r“i'r) }]2 (34)

where
D, = the dissociation energy
req = the equilibrium bond length
r = internuclear distance

a = constant for a particular molecule
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Figure 3.2: A comparison of Morse and simple harmonic potential energy
approximations for a diatomic molecule.
The simple harmonic approximation and the Morse function are shown by the dotted

and full lines respectively.

Schr@dinger’s time independent equation solved for the Morse potential function yields
a set of discrete energy levels which converge rapidly as the dissociation energy is

approached.
The Morse potential function is an approximation based on a solution of the form in

equation (3.6) below; the full series for the energy levels will be

E,=hev [(V+0.5) - Xo( V +0.5) + Yo( V + 0.5) + higher order (3.5)

terms]
The Morse potential function gives

Ei=h[(V+05)vip-(V+0.5)vuX.] Joules (3.6)

59



Chapter 3: Vibrational Spectroscopy: Theory and Instrumentation

where

v = vibration wavenumber of the SHM model, in Hz
¢ = speed of light

h = Planck’s constant

V=0, +1, +2, +3, the vibrational quantum number

X, = anharmonicity constant

The permitted energy levels for a molecule if drawn on the Morse curve would consist
of a series of horizontal lines which converge as V increases. Therefore changes in the
energy of a molecule are accompanied by the absorption or release of a quantum of

energy corresponding in the difference in energy between the two states.

The anharmonicity constant describes the deviation of the allowable energy levels
compared with the SHM approximation. X is usually quite small, ~ 0.02.
Subsequently for small displacements both the Morse function and the SHM
approximation are very similar, and so the SHM model can be used as a valid

approximation for much of vibrational analysis.

3.1.1 Infrared Activity

If during the course of a vibration a change in the dipole occurs, then electromagnetic
radiation can interact with this fluctuating dipole, p, given that the energy of the
incoming photon matches that of the vibrational transition. Figure 3.3 represents the
energy of a fluctuating dipole with the so called normal co-ordinate, q, which
represents the progress of the vibration, given in units of phase angle between 0 and 27

radians.
The selection rule governing infrared activity is given by the following expression,

(a_/uj 20 3.7)
& =0

where qq 1s the equilibrium position of the vibration.
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If we consider the symmetric stretching vibration, v; of CO,, we can observe that
although the oxygen atoms move with respect to the carbon atom, the relative
separation between each O atom and the C atom is always equal. Consequently, the
vibration does not produce a change in dipole, and is not IR active. On the other hand,
for v, and vy 4, the dipoles can be seen to change, the selection rule is obeyed, and

absorption bands are observed in the IR spectrum.

4..._
0 C o— —0 C o—
Vi symmetric stretch V3 asymmetric stretch

O —»

t ] - i
0

O

v, 4+ bend degenerate pair

Figure 3.3 (b)
(b)

V2 .4

V3

Figure 3.3: (a) The fundamental vibrational modes of CO,

(b) The plot of dipole moment versus q for the vibrational modes.
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3.1.2 The Raman effect

All molecular systems have a property called a bulk polarizability, a,, which gives rise
to properties such as dielectric constants and the index of refraction. Polarizability is a
difficult concept to visualise, but can be explained as the ability with which electrons
within a molecule can be induced to move around the molecule under the influence of
an applied field. Thus, when a molecule is place in an electric field, its natural electron
distribution will be distorted. Separation of negatively charged electrons within the field
creates a dipole, P, whose direction is opposite to that of the applied field. This induced

dipole is related to the field and the molecular polarizability, ¢, by the following

expression,

P=aE [Vm'] (3.8)

If the field is the component of an electromagnetic radiation field of frequency v, (Hz)

then the induced dipole will oscillate with the same frequency as the electric field.

P = 0o Eq cos (2nvet) (3.9)

where t = time and E, = maximum amplitude of the electric field (Vm™).

If this irradiated molecule is already vibrating at a frequency vy, its distortion from its

equilibrium position is given by

q = qo €os (2TVvipt) (3.10)
where qq is the maximum distortion (or amplitude) and v is the vibration frequency in

hertz. The vibration frequency arises directly from the energy, E=hcv.

Equation (3.8) assumes that a does not change during the cycle of a vibration.
However, for the more general case where o is a function of the position g, along the
axis of the vibration, assuming small vibrational amplitudes, o can be expanded in a

Taylor series of the normal co-ordinate qo.
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(3.11)

-

2
a=a,+ (@] g+ l[ g 7} q° + higher order terms
A ) o A J 4o

The second and higher order terms give rise to the Hyper Raman Effect but are so small
that they can be effectively ignored. Substituting equation (3.10) into equation (3.11)

yields an expression for the polarisability as a function of q

A ,
a=oa,+ (—;—{} q, cos(2mv ;1)
2

g=0 (3.12)
which gives
oa
P=a,L, cos(27w(,t) + (—ﬁ—} q, cos(Z/’waz) cos(’lm)ol)
g=0 (3.13)
This can be simplified using the trigonometric identity
cos Acos B = L[cos(4 + B) +cos(4 — B)] (3.14)

and equation (3.13) becomes

(3.15)

=0

P = a,E, cos(2nv,1) -+ é—(-&;{}-) q, [COS(27[(UO +0,, )+ cos(2z(v, — v, )t |
Oq q

Thus, the induced dipole in a molecule vibrating with frequency vy, and irradiated with
frequency vo, will vary as vg as well as (vo-vyip) and (votvy). Immediately after the
radiation is incident, the polarised molecule attains a higher energy than the molecule in
its equilibrium state. Therefore, the polarisation process is endothermic and relaxation
to a lower energy must be accompanied by a release of energy. When the energy is

released as a photon, it 1s referred to as scatter.
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An oscillating dipole emits radiation corresponding to it’s oscillation frequency. The
radiation emitted by the dipole corresponding to vg, the incident laser frequency and
gives rise to Rayleigh or elastic scattering. Two inelastic scattering components
correspond with the Raman light, and occur at lower frequency (vo-vuin), called the
Stokes (red shifted) scatter, and at higher frequency (vo+vwip), called the anti-Stokes

(blue shifted) Raman scatter.

The processes can be depicted as shown in figure 3.4. Vo, 'V, V,, ... correspond to
the discrete energy levels for vibrational quantum numbers V=0,1,2, .. respectively. V’
and V” are virtual energy states which are not solutions of the SchrOdinger equation but

represent the short lived ceiling, associated with the laser excitation wavenumber vo.

The virtual states are not fixed but are dependent upon the incident exciting radiation v
, which enables Raman scatter to be produced from an excitation source with any

wavelength, resulting in UV, visible and near infrared excitation sources.

y Y v”
V’
Vo Vo Vo
Va
j iy
y 4 A4 4 Vo
(a) (b) (© (d)

Figure 3.4: The energy level diagram showing the origins of infrared and Raman

speciroscopy.
(a) infrared absorption (b) Rayleigh scattering
(c) Stokes Raman (d) Anti-Stokes Raman
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For Raman scattering to occur, a change A V =+ 1 is required in the vibrational
quantum number, corresponding to he molecule decaying to a state of greater or lower
energy. If A V = +1, there is a net energy absorption by the molecule, and the radiation
is Stokes scattered at v = vg-wip. Conversely, if A V = -1, the molecule loses energy,
and the radiation is anti-Stokes scattered at v = vy + vy. For the A V= 0 transition,

the scattered radiation occurs at the same frequency as the excitation (Rayleigh scatter).

The relative intensity of the Stokes and anti-Stokes Raman bands can be determined by
the relative populations in the ground and first excited vibrational states between which
vibrational transitions take place. The relative populations of these two states is

~ calculated from the Boltzmann distribution.

Ls) (ve+v)'  (=hev
(15 ) (v, -v)* exp( kT ) | (3.16)

It is apparent from equation (3.15) that Raman scattering only occurs when there is a
change 1n the polarisability during the vibration. That is, the selection rule requires a

finite change in polarisability so that

5.

q=0

(3.17)

Analogous to figure 3.3b, the change in polarisability for carbon dioxide as a function of

phase angle may also be plotted.
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Figure 2.5: The plot of polarisability versus normal coordinate q

For the v, vibration the polarisability shows a large change around q=0; thus this mode
is Raman active. However for v,, v; and v, the polarisability does not exhibit such a
change, and so these modes are not Raman active. The example of carbon dioxide
displays the property of “mutual exclusion”, that is vibrations that give rise to infrared
absorptions do not appear in the Raman spectrum and vice versa. This applies only to

centrosymmetric molecules.

The above derivation for Raman activity applies to an isotropic situation. Considering
the model of a set of nuclei connected with springs with different k values then if one of
the atoms is moved by a force applied in the x direction (arbitrarily), then the
displacement of the other atoms may move in any of the x, y and z directions by
different amounts. The same is true for a force applied in the y and z directions. Using
this analogy polarisability under an applied field, o, also behaves in this way, and as
such is said to be anisotropic. The anisotropy is described by a tensor such that P=oE

becomes
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])ix am’ X azv Ex
P l=la, a, o, |k, (2.18)
iz axz vz azz Ez
or
P=a,E (2.19)
where

P = resultant induced dipole vector
ou; = polarisability tensor

E = applied electric field

In general oy; reduces to a symmetric matrix with six independent components,

1e. oG = Qi

Since the selection rules governing infrared and Raman activity are different, both
methods are complementary in contributing information about the vibrational degrees of
freedom of any molecule. A general rule is that the higher the molecular or crystalline
symmetry, the lower the likelihood that normal modes are both infrared and Raman
active. In addition the rule of mutual exclusion requires that: if a molecule has a centre
of symmetry then Raman active vibrations are infrared inactive, and vice versa. If a
molecule has no centre of symmetry then some (but not necessarily all) vibrations may

be both Raman and infrared active.

3.2 Fourier Transform Instrumentation

In recent years many Raman and infrared experiments have been carried out on Fourier
transform (FT) instruments. The basic component of a FT spectrometer is an
interferometer based on the two-beam interferometer originally designed by Michelson”

in 1891. The general arrangement of these instruments are shown in figure 3.6 below.
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Figure 3.6 Schematic diagram of FT (a) Raman and (b) infrared spectromelers

3.2.1 From Interferogram to Spectrum

The optical diagram for the simplest form of the Michelson interferometer is shown in
figure 2.7. The device passes a collimated beam of radiation towards a 50:50
beamsplitter (made of KBr for infrared and quartz for near infrared excited Raman)
where it is split by reflectance and transmission into roughly equal parts. One beam of
light is transmitted towards a fixed mirror and the second is deflected towards a moving
mirror. It should be noted that some interferometers e.g. Perkin Elmer instruments,
both mirrors can in fact move, one toward and the other away from the beamsplitter.
Both of these plane mirrors are 100% reflective and the beams recombine at the
beamsplitter. Interferences are produced as a function of the optical path difference
(OPD) that the beams have experienced. It is this variation which ultimately yields the
spectral information required. The semi- reflective nature of the beamsplitter is such to
cause the interference pattern to be passed not only on towards the detector, but also

back out through the entrance path.
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Mirror2 ————]
/

/’

Mirrorl

Beamsplitter Detector

Source

Figure 2.7: Schematic diagram of a Michelson interferometer.

If monochromatic radiation emitted by a source, wavelength A, (in cm) and hence
wavenumber v, (cm™) enters the interferometer, assuming that the beamsplitter is ideal,
there is path difference, or retardation, 8, between the difference in the lengths of the

paths of the two beams. This is known as the OPD (optical path difference).

Constructive interference occurs when,
O =nkg
wheren=0,+1,£2, ..
and destructive interference occurs when,
d=(n+ "% A
Displacing the moving mirror by A/4, and so adding a further path difference of A,
causes constructive interference again. It should noted with monochromatic radiation
that it is not possible to distinguish between zero retardation and retardation equal to an

integral number of wavelengths.
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If the optical path difference (OPD), is changed as a function of time, i.e. if one of the
mirrors are moved at constant velocity, the signal at the detector will be measured as a
cosinusoidally varying amplitude. By mathematical manipulation, the resultant signal
monitored at the detector may be written as a function of time or OPD. The following

equations are presented as a function of OPD.

I(0) =0.5 Iy (vo) { 1 + cos 2mO/A } ] (3.20)

Iy (v) = intensity of the source
vy = wavenumber of the monochromatic radiation

(for HeNe laser 15802.8cm™ in vacuo)

The signal at the detector, called an interferogram, depends on the OPD, and will
therefore be a function of the OPD velocity and thus the scan speed. This 1s typically

0.1to 1.0 cm 5. Furthermore the information about the wavenumber of the source is

independent of a set scan speed.

The interferogram comprises of the modulated component of the signal, the AC

component, at the detector. For an ideal interferometer the modulated component of

the signal is given as

I(8) = 0.5 I (vo){ cos 21tved } (3.21)
However, the interferometer is not ideal i.e. the beamsplitters do not perfectly reflect
and transmit 50% of the radiation and so equation 3.21 must modified using a single
wavenumber dependent factor, H(vo). Combining H(vo) and I(v,) into B(vy),

1(8) = B(vo) { cos 21ved } (3.22)

where B(vy) is the source intensity at vy modified by the instrumental characteristics.
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Spectral information within the signal can be obtained by carrying out a Fourier
transform. In 1822 J.J.B.Fourier published his analysis of heat conduction which
provided the basis of Fourier Transform theory’. The basic principle states that any
function can be represented by a superposition of a continuum of trigonometric
functions of different amplitudes. Moreover, in this case, if F(t) is the function in the
time domain and f(v) is the same function in the frequency domain, it is possible to

switch between the two domains by the means of a Fourter Transformation.

F(t) = [ f(v) cos 2mv§ dd (3.23)
f(v) = [ F(t) cos 2nv8 dv (3.24)

The above equations assume that F(5) is a summation of symmetric functions, 1.e. a -

series of cosines centred about zero path difference, from +oo tc -co,

The final spectrum is calculated by computing the cosine Fourier transform of 1(5). All
modern FT spectrometers use a computer algorithm based on the “fast Fourier
transform (FFT)” devised by Cooley and Tukey in 1965°. The algorithm reduces the

number of arithmetic operations required from N, where N is the number of sampled

data points to NlogoN.

Performing the Fourier Transform of a measured interferogram of a monochromatic
source is a trivial exercise, however taking the process further for several spectral lines
or continuous radiation, the measured interferogram is the resultant of all the
interferograms corresponding to each wavenumber. These interferograms from all the
wavelengths superimpose at zero path difference and hence add together to give a beat

frequency which is so long it produces a characteristic centre burst.

In principle by measuring the complete interferogram from -oo to +oo a complete
spectrum of infinite resolution can be acquired. To achieve this one of the mirrors in
the interferometer would need to move through an infinite path difference (8) and the

interferogram calculated
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at infinitely small intervals. If one samples the interferogram at interval d, and 8 has
length 1, then the number of data points available for computation is I/d and hence the
resolution however defined can never exceed 1/d. The effect of limiting & is to cause the

spectrum to attain a finite resolution.
3.2.2 Data Point Resolution

To sample data points along the interferogram a low power Helium neon (HeNe) is
used to trigger the collection of each point. As the interferometer is moved, typically
over a distance of 10 mm in a time period of 1 s, the intensity at the detector is sampled
several thousand times at the zero cross-over point of the independently measured
interferogram of the HeNe laser. This procedure triggers an analogue to digital
converter (ADC) which places the data serially into the same number of storage points
in a computer memory. The HeNe beam passes through a parallel and optically identical
set of optics as the rest of the analysed radiation which means that any physical
disturbances (e.g. knocks) will affect both the HeNe and experimental beams of
radiation similarly and data sampling is still triggered at the appropriate points. The
wavelength of the HeNe laser is 632.8 nm, so that for every centimetre of optical path
difference an instrument will collect 31606 data points if it samples at the zero intensity
crossing points of the reference laser interferogram. Thus, the interferograms of the
infrared or near infrared will comprise 31606 numbers. If the interferogram is double

sided the number will be 63212 which has advantages in phase in phase correction.

Resolution is limited to the number of data points acquired and hence the moving
mirror’s disturbance of travel. The digitalized interferogram is then processed by a
computer, which carries out the Fourier transformation, to produce the spectrum, which
is in reality a histogram. Depending on the manufacturer of the instrument, the
computer either carries out the transformation immediately after each scan, producing a
pseudo real-timeout spectral accumulation (e.g. Perkin Elmer instruments), or it carries
out the transformation at the end of the accumulation of superimposed interferograms,

to give the spectrum.
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3.2.3 Nyquist Criterion*

The Nyquist or sampling theorem requires that a data point be taken at least twice every
wavelength in order to accurately produce a given wave or band form by discrete
sampling. Therefore, for a typical 2 cm™ resolution spectrum, a data point should be
presented every 1 cm™ . In practical terms this means that the interferogram must be
sampled at a minimum of twice the frequency of the shortest wavelength of interest in
the required spectrum. The highest frequency that can be reconstructed from a sampled

data set using, for example, a HeNe laser as the reference scale is 15802 cm™ ; This is

known as the Nyquist limit .
3.2.4 The advantages of FT over Conventional Spectrometers

The Jacquinot advantage’

This 1s associated with the relative optical throughputs of an interferometer and an
“equivalent” dispersion spectrometer assuming the collection optics of the grating
spectrometer and the interferometer have similar f-numbers. The f-number (f/#) denotes
the ratio of the equivalent focal length of a lens/mirror aperture of its entrance aperture.
A parameter called the ftendue is used to compare the optical efficiency of instruments
quantitatively. It is the product of the half angle of the cone of light collected and the

area of the entrance aperture.
Etendue = tan™ (2 1) . Area

In a conventional spectrometer, radiation is focused onto a slit whose image is observed
by the detector. The resolution is increased by narrowing the slit width, hence the
energy throughput is reduced. However, the entrance of an interferometer is called a
Jacquinot (J) stop, a relatively large circular aperture. In a comparison of commercial
analytical interferometric and diffraction spectrometers the J stop has an area

approximately 50-70 times larger which leads to a higher energy throughput in an
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interferometer than in a dispersive spectrometer for the same resolution. Thus the
optical throughput and hence the signal to noise ratio in the spectrograph derived from
of an interferometer is far superior to that of a conventional grating spectrometer. This

is known as the Jacquinot advantage.

The Felgett Advantage®

In a grating instrument only a single wavelength of radiation falls on the detector at one
time, the rest is wasted. In a spectrograph the entire spectrum, or at least a large part
of it, is recorded continuously. For a given acquisition time, a spectrograph will
therefore detect far more photons and have a much higher signal-to-noise ratio. This is

known as the multiplex advantage.

An interferometer possesses a similar advantage termed the Felgett advantage. In an
interferometric instrument, although the optical delay is scanned sequentially, each delay
contains information about all wavelengths entering the instrument and hence the
Fourier Transformation samples the full interferogram. However to obtain an

interferogram, the moving mirror must scan for a finite time (usually a few seconds) to

=

cord a spectrum, thus the Felgett advantage is not as great as the multiplex advantage.

The Connes Advantage’

When spectra are averaged, an improvement in the signal to noise ratio is observed i.e.
signal/ noise ratio improves with the Vnumber of scans. This relies on the fact that the
spectra can be exactly superimposed. For a grating instrument, mechanical wear errors
may cause significant spectral displacement errors which can lead to band shapes being
distorted. As a result, the signal-to-noise ratio will fail to improve. This has since been
solved with the advent of holographic gratings. Interferometers have an advantage
whereby the abscissa scale for the spectrum is generated from the HeNe laser, the
wavelength of which is invariant and known precisely. Thus, errors are reduced and

spectra can be almost exactly superimposed.
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3.3 Practical Vibrational Spectroscopy

3.3.1 Infrared Spectroscopy

Sources for infrared radiation spectroscopy are usually filaments which are maintained
at red- or white-heat by an electric current. Two common sources are the Nernst
filament which consists of rare earth oxides and the somewhat thicker “globar” filament
comprising of a rod of carborundum. The beamsplitter is made from a thin layer of
germanium sandwiched between potassium bromide plates. Detection of the radiation is
usually achieved with either a deuterated triglycine sulphate (DTGS) or a mercury
cadmium telluride (MCT) detector. The latter needs can be cooled to cryogenic

temperatures with liquid nitrogen to yield greater sensitivity for some experiments.

Sourc

Interferometer

Figure 3.8: A standard infrared experimental arrangement
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3.3.2 F.T. Raman spectroscopy

The standard Fourier transform Raman spectrometer is essentially a modified FT-IR
instrument®. The main difference is that there is no direct radiation source. Instead, a
laser illuminates the sample and collection optics are used to collect the Raman

scattered light. This produces an image at the J-stop.

The excitation source for a NIR FT-Raman instrument is usually a neodymium yttriurﬂ
aluminium garnet (Nd**:YAG) laser, which excites at 1064 nm (9398.5 cm™). Optical
set-ups operating in this spectral region can use relatively inexpensive conventional
glass or quartz components. The usual infrared potassium bromide beamsplitter is
frequently replaced with a quartz one, offering a higher transmission for light scattered
in the range 9400 - 5400 cm™'. Scattered light can be collected at any angle to the
incident laser beam but by far most common is the 180° (backscattering) geometry. A

diagrams illustrating the geometry is shown in Chapter Four.

The scattered light from the sample passes through a Rayleigh line rejection filter which
attenuates the elastically scattered component by a factor of 10° before entering the
interferometer. The Rayleigh line intensity is then comparable to the strongest Raman

scatter. The HeNe beam is also filtered out before reaching the detector.

Operating at a higher wavenumber range, an FT-Raman spectrometer also requires a
different detector than an infrared instrument. In the PE 1700 series an Indium Gallium
Arsenide detector is used although the germanium detector is popular with other
manufacturers. These are both photodiode detectors. The InGaAs detector operates to

slightly longer wavelengths (and hence higher shifts) than the germanium, but is noisier.
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TN

/ InGaAs \
Detector
\\ //
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Interferometer
M mirror I stop' .
L1 laser focusing lens R Rayleigh filters
S Sample

L2 collection optics and prism

Figure 3.9: Schematic diagram of the PE 1720 FT Raman layout

the term fluorescence is often used to describe a variety of

phenomena. which cause the baseline of the spectrum to be non-zero. Fluorescence in a

sample can appear from degradation products and impurities/additives as well as the

bulk materials, and are almost always more intense than Raman emission.

If fluorescence occurs with conventional visible laser sources, and it is not an intrinsic

-

property of the analyte molecule, it can in some cases be ‘bleached-out’ (reduced),
simply by continuously irradiating the sample area to be analvsed with the excitati
laser for periods from a few minutes to overnight’. With visible laser and NIR sources

colour has to be considered, to avoid high energy absorption burning-up the sample, or
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Chase and Asselin'' and others'>" have shown that operation further in to the NIR (at
1.339 um) offers additional possibilities for fluorescence minimisation. Thus, the
question presents itself as to whether FT Raman spectroscopy should employ a
Nd:YAG unit lasing at 1.064 um or at 1.3 um. This shall be discussed in the next

chapter.
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4.Chapter Four: FT-Raman Spectroscopy at 1.319 Micrometers

The last fifteen years or so has witnessed a significant growth in the utility of Raman
measurements in academic, industrial and governmental laboratories. Many improvements
in the basic spectroscopic instrumentation have allowed applications to be made to areas
such as polymers, biological systems as well as process measurements. Advances with
new technology such as holographic notch filters, charged couple-device detectors and
diode pumped lasers allow Raman instruments today offering unparalleled sensitivity and
ease of use. These benefits have served to establish new areas where Raman spectroscopy

can be applied, while also making the use of Raman data as effortless as the comparable

technique of infrared spectroscopy.

The foremost choice of laser source for FT-Raman has been the continuous wave
neodymium:YAG (Nd:YAG) solid state laser operating at 1.064 um. The Nd:YAG has
proved highly successful as an excitation source since its introduction in 1986 * to the
application of near-infrared (NIR) FT Raman studies. The laser is relatively cheap and
requires minimal maintenance compared with the argon and krypton sources of similar
power operating in the visible. The fundamental advantage of NIR sources over those in
the visible is however the decreased fluorescence and the subsequent increase in

successful recording of Raman spectra.

In contraét there has been a great deal less work carried out utilising the other emission
lines of the Nd:YAG laser as a Raman excitation source. Chase and Asselin® pioneered
work in this area using the 1.339 pum lasing emission from the Nd:YAG. They showed
how some classes of compounds with excessive fluorescent background signals at 1.064
pm gave a significant reduction in fluorescence when excited at 1.339 pm. It was further
demonstrated that the sensitivity of the instrument used was comparable to that of

conventional FT-Raman instruments and that excellent anti-Stokes spectra could be
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recorded. Furukawa et al® recently carried out studies with the 1.319 pm laser line and

observed FT-Raman spectra of lightly doped frans-polyacetylene for the first time.

Other than these publications little or no other work has been undertaken with either of the
excitation lines at 1.339 or 1.319 pm. A study was thus conducted on FT Raman
spectroscopy at 1.3 um in order to fully access the level of sensitivity and the possible

potential applications for operation at this wavelength.
4.1 System Characteristics:

4.1.1 The laser source

Excitation at 1.319 pum was achieved with a large frame water cooled Nd>*:YAG Spectron
laser . It comprised of two main components, the head and the power supply, connected by
an umbilical cable. The laser was essentially a conventional commercial 1.064 pum laser
but modified by replacing the high reflection optics to shift the high gain wavelength
region to 1.319 um. The lasing state is actually a doublet with a separation of ~100 cm™.
The manufacturers (Spectron laser systems) were able to produce a single lasing state by
inserting an etalon into the laser cavity. By changing the angle of the etalon either
component of the lasing doublet could be selected. However, the manufacturers had
difficulty in achieving a stable output at the 1.339 pm component of this doublet and thus
the laser was supplied operating only at 1.319 um. Other spurious emissions from the
1.319 pm laser included features at 1.339 um (very strong), 1.064 um (very strong) and

around 0.9 um (strong and broad).

The principle problem with the laser apart from the strong emissions (which were
subsequently addressed with appropriate filtering) was associated with the power stability.
The laser produced a stable maximum output power of 1.3 W. However, at output powers

<500 mW the laser was found to be quite unstable, fluctuating at times by = 5 % of the
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selected output power. By operating at the maximum emission level and using a Melles
Griot attenuator a stable output power was produced and controlled to provide that desired

for the particular Raman application.
4.1.2 Laser filters: Rayleigh rejection filters and bandpass filters.

Each excitation laser wavelength requirés a set of Rayleigh rejection filters to block the
laser wavelength and transmit the Raman scatter efficiently. A laser bandpass filter
(Kaiser Optical Systems) operating at 1.319 um was used to filter the laser radiation. The
filter blocks the white light emitted by the high-pressure xenon lamp which powers the
laser and any other spurious laser emissions. Rayleigh line filtering was achieved with
three Supernotch ® filters (Kaiser Optical Systems) optimised for maximum attenuation at

1.319 um. These filters reflect the radiation at the laser wavelength and transmit the

Raman scatter

Since the early 1990s holographic notch filters have become the choice for laser rejection
filters in FT-Raman systems, replacing various interference filter arrangements. These
filters have a high reflectivity (>99.99%, equivalent to an optical density of >4) to the
laser line and steep band edges, which provides effective rejection of Rayleigh scattering
in FT and other Raman systems®. Their high transmission (>80%) allows far greater
throughput than triple monochromator Raman systems, however current technology limits

the observation of Raman shifts to >50 Acm™.

Figure 4.1 shows the transmission spectrum of the Holographic Supernotch® filter and
laser bandpass filter for the 1.319 um set-up. The filters are quite well matched to the laser
wavelength with the notch centered at 1.319 um. Filters change their characteristics when
tilted with respect to the optical axis’; the effect of this in relation to the 1.319 um
Supernotch filters is shown in Figure 4.2. When the tilt angle was ~10°, the attenuation’ at
the radiation at the laser wavelength was reduced but the shift towards higher wavelengths

made it possible to filter a subsequent strong laser emission at 1.339 pum.
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Figure 4.1: Transmission spectrum of the 1.319 um Holographic Supernotch® filter and laser
bandpass filter from Kaiser Optical Systems (USA).
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Figure 4.2: The transmission characteristics of the 1.319 yum Holographic Supernotch filter when

tilted with respect to the optical axis at (a) 0°, () 10” and (c) 15°.
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4.2 The design of a NIR FT-Raman instrument to operate at 1.319 Micrometers

The base spectrometer used in this work was a Perkin-Elmer 1720 FT Raman
spectrometer. A schematic showing the layout of this instrument used for operation at
1.319 um is shown in Figure 3. The laser light entered the front end beam steering
compartment and was reflected off 2 fold mirrors, M; & M and through the laser-
focusing lens L;. It then passed through the 1.319 um laser bandpass filter, Fi, reflected

off the prism P and then onto the sample”. The illumination patch at the sample was ~ 0.5

mm in diameter.

Reflected and scattered light was then collected by a lens, L, and focussed through filters
at the F, position onto the Jacquinot stop J;. The filtered radiation passed through the
interferometer and on through to the infrared sample position where it formed an image at
a virtual Jacquinot stop J,. After passing through J,, the beam was filtered from residual
excitation and Rayleigh scattered light with the use of two more filters identical to F, were
positioned in the infrared sample compartment area. F, F3 and F4 were three Supernotch®
filters optimised for maximum attenuation at 1.319 pum. The radiation then passed into the
main detector compartment where it was focussed onto an InGaAs detector D;. Initial
coarse alignment of the set up was achieved with a white light source and then optimised

with samples of crystalline anthracene or calcium tungstate.

The laser bandpass filter was however ineffective in totally attenuating the strong
emissions at 1.339 um and 1.064 pm. Since noise is proportional to the square root of
signal bandwidth® these emissions reduced the overall sensitivity and performance of the
instrument. A standard 1.064 um notch filter was inserted at the F, position and filter F4
was angled slightly (~10°) with respect to the optical axis inside the infrared sample

compartment area. This combination successfully removed these undesired signals.

" Both of the fold mirrors (M; & M,) and the prism (P) from the Perkin-Elmer 1720 Raman spectrometer
were performance coated for operation at the standard 1.064 pm wavelength. These optics were replaced
with sitver mirrors and an uncoated plane glass prism (optics purchased from Comar Instruments).
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Figure 4.3: A complete optical design of the 1720 FT Raman spectrometer used for
operation at 1.319 pm.

The notch filters were positioned at points in the instrument where the beam was small
enough to fit through their limited aperature, i.e. J-stop entrance and the imaginary
position of the exit J-stop. In general, three 1.319 pum notch filters were employed which
completely removed the Rayleigh line in even the strongest scattering samples. However,

when the laser frequency was required for calibration purposes one of the filters in the exit

aperature was removed.
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4.2.1 Instrument response function:

The light that enters a FT-Raman spectrometer passes through, and is reflected by, a large
number of optical components. Each optical component possesses a specific optical
response that is wavelength dependent. Light passing through the instrument is thus
modified by a complex relation which depends on the transmission and reflection
characteristics of the optical components of the spectrometer system as well as the
responsivity of the detector used. A Raman spectrum displayed on an instrument is not a
true representation of the material under examination, but essentially an optical composite
of the scattered radiation entering the interferometer and the sensitivity profile of the
instrument. Particular regions of the spectrum are attenuated due to the non-specific linear
optical response of the instrument, namely at the transmission gradient (edge) of Rayleigh

filters and the limit of detector responsivity.

The method of determining the instrument response is to use a blackbody source (e.g.
tungsten source) of known temperature in place of the Raman sample and record the
emission spectrum®. The blackbody source is modeled using Plank’s Radiation law and
emissivity calculations from the literature’, and then point by point, divided out of the

emission spectrum leaving the instrument response, L :-
Leaie (V) = L(T,V) * Lowa(V) / W(T,v) - (T,v)  ....... (Eqn. 4.1)
where

L(T,v) is the lamp emission spectrum v, at temperature T,

Laewal 1 the actual instrument response function,

y(T,v) 1s Plank’s radiation law for a temperature T,

&(T,v) is the emissivity of tungsten as a function of wavelength and

temperature.

]
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Figure 4.4: Calculated and recorded blackbody spectra superimposed. The abscissa axis
is labelled in shift from the 1.319 ym line of the N&* :YAG laser. The calculated spectrum
is in counts per second. The recorded blackbody curve shows the filter characteristics

(1.319 pm and 1.064 pm) and absorptions due to atmospheric water vapour.

This correction curve containing the instrument function can only be applied to Raman
data where the instrument resolution (i.e. number of data points in the spectrum), the tilt
angle of the Rayleigh filters, and the temperature of the detector are at the same values as
the experimentally determined correction curve. Although the accuracy of the technique is
probably only in the region of 5-10% ®, it provides invaluable information to the
spectroscopist when comparing data from different wavelengths of excitation and also

when using different types of instruments,
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Figure 4.5: The correction curves for the 1.319um spectra obtained by dividing the
theoretical blackbody curve by the recorded one shown in figure 4.4. Where detector
sensitivity is low (less than —1650 cm™ Stokes shift) and the filters are not transmissive
(-300 to 300 and beyond 1650 cm™ Anti-Stokes shift) the correction factor is very high and

these regions of the corrected specira are ignored.
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It is clear from Figure 4.5 that the Stokes shift region will be limited to a range ~1800 cm’
(7580 to 5780 cm’™, absolute frequency). The instrument/detector response is at a
maximum within this range. Subsequent FT Raman spectra are corrected for the
instrument response by multiplying the regions of interest by the appropriate correction

curve.
4.2.2 Signal to noise performance:

The signal to noise ratio (SNR) of all 1.064 pm Perkin Elmer Raman spectrometers are
conventionally measured using the 1000 cm™ band of barium sulphate (Aldrich 99.999%
pure)’. The test conditions were set at 1 scan, 200 mW laser power, Normal apodization
function and at 4 cm™ nominal spectral resolution. All Raman spectra were normalised to
an instrument response function created with a backbody source. A number of factors

must firstly be considered before the comparison of signal to noise ratios at 1.064 um and

1.319 um can be made:

(i) V' Raman scattering term : According to classical theory’ the
scattering efficiency is a function ofithe absolute wavenumber v*and so
comparing 1.064 um with 1.319 um excitation sources one would expect a

decrease in signal level for the sulphate band of approximately 2.4 fold.

(ii) Sample preparation and absorption : Raman intensities change with
particle size for excitation at 1.064 um as demonstrated by Hendra and
Pellow-Jarmen' and references contained therein. A master sample was
therefore used to record all SNR data to avoid effects due to sample

inhomogeneity. The Raman signal also varies with excitation wavelength

T The best procedure depends upon the repeatability of the BaSO, test specimens and this has proved to be a
severe limitation. Recently, Perkin-Elmer have adopted a diamond disc as their performance standard.
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due to wavelength dependant absorption. The NIR absorption spectrum®

however shows the range between 10,000 cm™ and 6000 cm™ free from
obvious absorptions which would have a significant effect on the Raman

intensity.

(iii) Number of photons per milliwatt: The energy per photon is inversely
proportional to wavelength hence the number of laser excitation photons
per milliwatt is proportional to wavelength. Since each spectrum was o
recorded with the same laser power, thev® term was modified tov’ to take
this into account. This therefore yields a modified decrease in signal level
to approximately 2.1 for the sulphate band when comparing the 1.064 um

and 1.319 um excitation sources.

(iv) Raman scattering cross-section: This is the classical representation of the
transition probability and is assumed to be independent of the two
excitation wavelengths given: (a) there are no absorptions near the
excitation wavelengths and (b) the peak powers in the experiment are
sufficiently low not to generate any features due to non-liner Raman

effects.

wv) Instrument response function: There is a further correction that must be
considered relating to the instrument/detector sensitivity. The InGaAs
detector has a noise equivalent power” (NEP) value of 7 fW Hz "
(according to the manufacturer''), quoted at the peak wavelength of
sensitivity namely 1.650 um. The Raman Stokes shift at 1.319 pm is

limited to the range <1800 cm™ (~7500 to 5700 cm™, absolute frequency)

“The NEP is defined as the amount of optical signal power to give the equivalent level of intrinsic noise
from the detector/preamplifier combination. i.e. a signal to noise of 1:1. NEP is expressed in units of W Hz™*
and defined at a particular frequency and wavelength to account for wavelength dependence of the quantum
efficiency (a measure of the detector’s ability to convert incident photons to electrons).
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but within this range the instrument/detector response is at a maximum

which partially compensates for the loss due to the v* factor %

It is therefore reasonable to compare the SNR using excitation wavelengths at 1.064 pm
and 1.319 um as this represents the most potentially significant performance difference.
When all of the above factors are taken into account and combined the relative signal to

noise ratio was expected to be about 2 times better at 1.064 um.

Figure 4.6 (a) and (b) compare the actual results obtained with the Nd>“YAG lasers
operating at the different wavelengths. Both sets of data were corrected for instrument

response by the method described above.

The data above was typical of the peak to peak values over ten consecutive spectra. The
signal to noise performances are similar to the expected values for 1.319 um however the
1.064 um set-up performed slightly better. The overall accuracy obtained in this result can
be attributed to the high performances of both sets of Rayleigh rejection filters
(holographic notch filters) coupled with the alignment of the front end optics.
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Figure 4.6 (a): Raman spectrum of BaSO4: 200 mW, Scan speed 0.2 cm s, 1 scan, 4 cm™
resolution, 1.319 pm; SNR =64 : |.
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Figure 4.6(b): Raman spectrum of BaSO4: 200 mW, Scan speed 0.2 cm s, 1 scan, 4 cm™
resolution, 1.064 pm; SNR =158 : 1.
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4.3 Applications and Selected Results

4.3.1 Use of the FT-Raman spectrum of Na;MoO, to study sample heating by the

1.319 pm laser

Sample heating associated with laser FT Raman spectroscopy has always been a cause for
concern'”. The temperature of the sample may increase when it absorbs incident radiation_
A number of factors contribute to the amount of heating that occurs, the extent of which
has in the past proven difficult to determine. The temperature rise is dependent on both
sample and experiment, being influenced by such factors as the thermal conductivity and
color (ability to absorb the radiation), the length of time exposed to the laser radiation, the
laser power and brightness as well as the wavelength used. A study carried out on PTFE"?
estimated a 1K temperature rise per 100 mW laser power but this is now considered as an

underestimate. The general principle is that sample heating is an inherent limitation of

laser Raman spectroscopy.

A later study'*used the crystal transition of Sodium molybdate, Na,MoQ, at about 112 °C
as a method of qualitatively assessing the heating effect from a 1.064 um Nd:YAG laser.
It was found that powers of 125 mW were sufficient to raise the sample by 40 °C, whereas
powers above 375 mW were required to raise the temperature by 50 °C. The results
showed the importance of sample temperature awareness and the need for alternative
sampling techniques' to minimise the effect. Significant temperature gradients were also
found to be present across the sample. For a sample temperature at 70 °C and 125 mW of
laser power, it took 10 min of laser heating for all the sample to experience a temperature
of 112 °C. Similarly for a sample temperature of 60 °C and 375 mW power, the

corresponding time increased to 25 min.

A similar study to the above was thus carried out to ascertain the degree of sample heating

from the 1.319 um laser.
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4.3.1.1 Experimental:

Standard anhydrous Na;MoQOy, purchased from Aldich Chemicals Ltd. was used as
supplied for all the studies conducted. All Raman spectra were recorded using a Perkin-
Elmer 1720 FT Raman spectrometer powered by a Spectron CW Nd*>*“'YAG laser with
TEM,, output at 1.319 um as the near infrared excitation source. A solid sample of
approximately 2 mm diameter and 1mm deep was heated in a Ventacon hot cell. The
sample was estimated as being up to 5 °C cooler than the temperature of the hot cell; the
sample faced the collection optics which mean that there was no thermal contact on the
sampling face and heat could be exchanged with the cooler surroundings. A fresh sample
was used for independent examination because of the non-reversible nature of the crystal
transition. The sample was loaded into the hot cell and allowed to stand for ~ 15 min
before spectra were recorded to ensure temperature equilibrium. All spectra were recorded

. -1 . .
using 1 cm™ resolution. All spectra were uncorrected for instrument response.

Three sets of experiments were performed.

M Spectra were recorded at sample temperatures of 20, 40, 55 and 70 °C using 250
mW laser power and averaging 5 scans.

(11) The sample was heated to 55 °C and the FT Raman spectrum recorded as an
average of 5 and 10 scans (scanning time ~ 1.1 and 2.2 min respectively) using
laser powers of 125, 250, 375 and 510 mW.

(i)  For a sample temperature of 60 °C and 125 mW laser power, the FT Raman

spectrum was recorded as an average of 10, 20, 40 and 80 scans.
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4.3.1.2 Results and discussion

The vibrational assignments for sodium molybdate in the two crystal forms are listed in
Table 1. As mentioned above, the low temperature form exists up to a temperature of
about 112 °C. The most notable change between the two spectra is in the v, band and thus
gives a qualitative measure of the conversion to the high temperature crystal form. Other
noteworthy features include the disapﬁéarénce of the weak combination bands to the high

frequency side of v4and v, in the high temperature form.

Table 1

Band frequencies for solid Na,MoO, assigned according to the tetrahedral symmetry for the relatively

free molybdate ion in solution.

Form® Vi Vi Vv, 7
(a) 891, 896 809, 833, 843 378 302, 320, 330, 340
() 890 808 378 302

(a) Low temperature form; (b) high temperature form

Fig. 4.7 shows spectra recorded at four different hot cell temperatures using 250 mW laser
power, 1 cm™ resolution and five scans. No transition was observed at room temperature

for any laser power used (up to 510 mW) in keeping with previous results obtained'®. The
sample undergoes a gradual transition as indicated by the relative reduction in the peak at

896 cm™. At 70 °C, the sample has undergone the whole crystal transition within the time

for a single scan spectrum (0.4 min). This result indicated an increase in laser heating at

1.319 pm of ~ 10 °C when compared with the results obtained at 1.064 pm.
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Figure 4.7: Spectra of Na:MoQOy recorded at different sample temperatures using a laser
power of 250 mW, 1 cm™ resolution and five scans: (a) 20 °C; (b) 40 °C; (c) 55 °C; and
(d) 70 °C.

The results from the effect of varying the laser power are illustrated in Fig. 4.8 (A) and
(B). The sample temperature was maintained at 55 °C. As expected, there was a greater
sample heating effect for a given scanning period as the laser power was increased. The
heating effects at 250 and 375 mW appear almost identical, again monitoring the
reduction in the peak intensity at 896 cm™. Examining Fig. 4.8 (B) it can be seen that after
10 scans using 510 mW laser power almost all the sample has undergone the crystal
transition indicating a sample heating increase of ~ 45 °C for the given time period. The
overall trend was the same for both experiments with the onset of the transition occurring

only when the laser power was greater than 375 mW.

96



Chapter 4: FT-Raman Spectroscopy at 1.319 Micrometers

@A)

Sscans

Intensity / Arbitrary Units

£
T T T T 1
950 900 8350 800 750
Raman Shatt /em™
B
10 scans
5
504
5 ©
Z
g
&S (b)
1 @
Lo A M
T T ¥ [ 1
950 900 850 800 750

Raman Shift /cm™

Figure 4.8 (4) and (B): Spectra of Na:MoO, recorded at a sample temperature of 55 °C, 1
e’ resolution, five and ten scans respectively and using a range of laser powers: (a) 125

mW; (b) 250 mW; (c) 375 mW; and (d) 510 mW.
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Figure 4.9: Spectra of NaMoO, recorded at a sample temperature of 60 °C, I cm™
resolution and 125 mW laser power: (a) 10 scans, (b) 20 scans, (c) 40 scans; and (d) 80

scans.

There 1s an obvious temperature rgradient across the sample surface (a function of the laser
beam diameter and coherence together with spectrometer resolution) observed in all the
results. The expectation is that the central point of the laser beam impact would undergo
the greatest heating effect, with a reduction at increasing radii. The time for the laser to
heat the whole sample area was also studied. Figure 4.9 shows the progress of the
transition for different laser heating times at 60 °C. The result shows that the spectrum
observed 1s dependent upon the laser illumination time. Similar to results at 1.064 pm, it
took over 10 min for the sample to experience a temperature greater than 112 °C and begin
undergoing the transition. The transition is however still incomplete after almost 18 min.

while a comparable study at 70 °C with the 1.064 pm laser resulted in almost complete

conversion for the same scanning period.
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4.3.1.3 Conclusion

The objective of this study was to monitor the heating effects from the 1.319 pm
Nd*":YAG laser and compare against those obtained at 1.064 pum. The study was carried
maintaining the samples at lower temperatures and using lower laser powers than those
from the study at 1.064 pum in efforts to observe a greater heating effect With the 1.319 um
laser. The results obtained however were in general very similar. Figure 4.7 (laser power
of 250 mW, sample maintained at 70 °C) showed a slight increase in laser heating over the
1.064 pum laser, but the overall tends from the other studies showed no significant
differences. The ideal study would of course be to correlate the above results against the
ratio of Stokes and anti-Stokes line intensities for sample temperature measurement but
unfortunately the anti-Stokes lines were indistinguishable from the noise. Nowadays, of
course, with the advent of new sampling accessories (e.g. Venatcon sample rotators) the
past problems in FT-Raman spectroscopy associated with laser sample heating of

temperature sensitive solids are far less of a problem.

4.3.2 The Ratio of Stokes and anti-Stokes Line Intensities at 1.319 pm as a Method of

Sample Temperature Measurement.

The introduction of Raman notch type filters for simultaneous Stokes and anti-Stokes FT-
Raman at 1.319 um has facilitated the established technique of measuring sample
temperature where it 1s exposed to the laser 1617 As described in equation (3.16) in
Chapter 3 Raman scattering efficiency depends on the fourth power of the frequency of
light being scattered. Although the intensity of anti-Stokes lines are reduced by the

Boltzmann factor, the frequency at which the light is scattered is higher and results in a

greater scattering efficiency.
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From equation 4.1 it is thus possible to determine the temperature at the point of sampling
directly from the Raman spectrum by using the ratio of the anti-Stokes and Stokes
intensities for a particular vibration and assuming a Boltzmann dlstnbutlon for the levels
involved (v=0 and v=1). However, as pointed out by West'>, the overall value of the
technique is often meaningless because the reproducibility of the relative intensities
reveals absolute errors in the temperature of ~10 K which may be greater than the sample

heating effect itself.

Figure 4.10 (A) and (B) show the Stokes and anti-Stokes regions respectively of the FT
Raman spectra recorded at 1.319 um with a series of laser powers (100 mW to 400 mW).
All spectra were normalised for instrument response. The band intensities at 395 cm’™
were measured in the Stokes and anti-Stokes regions for the different laser powers and the

sample temperature was calculated. Table 2 iilustrates the obtained results.

Table 4.2
Laser Power (mW) Istokes Tanti-Stokes Sample Temp. (K)
100 7.676 2.048 325
200 18.364 5.122 334
300 24751 7.094 339
400 30.626 8.974 344

The results defined a sample temperature with an accuracy of ~ 7 °C against a
macroscopic temperature measured with a thermocouple in the region of the irradiated

volume.
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Figure 4.10 (4); Stokes region FT Raman spectra of anthracene obtained with the 1.319 pm laser
at 4 cm™ resolution and 10 scans with (a) 100 mW, (b) 200 mW, (c) 300 mW and (d) 400 mW.
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Figure 4.10 (B): Anti-Stokes region FT Raman spectra of anthracene obtained at 1.319 ym at 4
cm™ resolution and 10 scans with (a) 100 mW, (b) 200 mW, (c) 300 mW and (d) 400 mW.
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4.3.3 Fluorescence rejection as a function of excitation wavelength

An extensive FT Raman study covering a range of organic and inorganic samples was
carried out comparing various lasing lines derived from a Ti:Sapphire-argon ion laser
combination with radiation at 1.064 um from a Nd:YAG laser by a number of workers
here at Southampton '*, Many of the samples yielded respectable spectra with low
fluorescence backgrounds at 780 nm aﬂd 83’:5 nm, however others, notably nitrile rubber
and mercaptobenzoxazole, showed quite significant levels of fluorescence even at 1.064
um. In the majority of cases a reduction in fluorescence levels was achieved as the
excitation wavelength extended further into the near infrared (NIR). In conclusion, to
compete with the current 1.064 um FT éystems, purély from an applications point of view,
the laser would need to operate in the region of 900 nm. However, by moving the laser
wavelength even further into the NIR, the question presented itself as to whether one
could eliminate fluorescence altogether and hence generate a system where the range of

applications might well exceed that possessed by the 1.064 pm source.

Figure 4.11 and 4.12 show the FT Raman spectra of mercaptobenzoxazole (MBO) and
nitrile rubber respectively recorded at 1.319 um. These figures also show the comparison
spectra recorded by Hendra e al '* at 780, 835, 920 and 1064 nm as an illustration of the
fluorescence reduction which is achieved by operating at 1.319 pum. Nitrile rubber,
recorded with 500 mW laser, gave a slight fluorescent background at 1.319 um but one

which was significantly less than those at the other excitation wavelengths.
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Figure 4.11: FT Raman spectra of mercaptobenzoxazole.

Raman Shaft / cm™

a-
a.54 780 nm 835 nm
I
3. 0 e
v B
e
2.8+ )
8
1
2.0 t
y 44
1.5+ /
A
1.0 e ad
[« -1
o e r . —L
T T T T T T T ¥ v
4000 2%00 3000 ZBO0 2000 4AB0O0C 41000 NOO o 4000 3WOO 3I0TO VOO 2000 1800 1000 50O [¢]
Wavenumbers J cm—1 Havenumbers / cm—3
20 20
920 nm -
3o 1664 nm
I
n
A ¢ 404
&
n
k-
i a0d
£
104 L/ Y
/20—
A
u
L.
3104
c T L £ K3 L4 T i 2 0 L] 1 ¥ T 1} v ¥
4Q00 3IBO0 3Q0Q 2500 2000 1200 1000 %00 Q 4D0O0 3N00 3000 28060 2000 (%00 1000 2090 o
wWavenumbers / cm-1i HWoaveonumbers / aem-—1
10.4 1
1319 nm
100 scans, 500 mW
J 9 -
8 4 cm’™ resolution
6
4 -
7 -
02 7 T T T T T T T A
1740. 1600 1400 1200 1000 800 600 400 2000



Chapter 4: FT-Raman Spectroscopy at 1.319 Micrometers

A A S B N B e Y

[+ 3
o

N XKool

[nd9 3

[*s

[

»

"

e

. O~
780 am 4.0 835 nm
1
- n
- =7 3
M 0 .84
n
£}
i
© 0.6
. O+ v
’
0. 44
A
U
-
0.2
- ‘L A,
4000 3800 3000 2800 2000 1500 1000 300 O

T T T T Y T !
4000 3800 JI000 2B00 2000 1860 1000 80O Q

ravenumpbers /[ cme3 Havenumbers / cm—i

°1 920 am o] 1064 um
1
n
e ©
n 3
3 ’ |
e
.o ¥
2
/
A /
u
= |
: R
4000 3300 300D 2500 2000 1%G0 1000 [OD O -?ooo 3300 3000 2000 2000 1800 1000 IJOC O
wavenumtrars / cm~1 Havenumbers / cm—d
0.56 1
0.5 1319 nm
z 100 scans, 500 mW
= R -
S 04 - 4 cm™ resolution
g
£ 03
<
Z .,
@ .
5
E
0.1 7
—003 T T T T T T T T 1
1740. 1600 1400 1200 1000 800 600 400 2000

Raman Shift / cm

Figure 4.12: FT-Raman spectra of nitrile rubber.
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Chapter 4: FT-Raman Spectroscopy at 1.319 Micrometers

A series of five dye powder samples (IUPAC description not provided for reasons of
confidentiality) based on sulphonic salt type materials were obtained courtesy of Kodak
Ltd. (UK). All of samples provided showed only broad fluorescence when a FT Raman
spectrum was recorded with a 1.064 um source. Three of the samples (recorded using <5
mW) showed a slight indication of spectral features arising from Raman scattering
superimposed on top of a strong fluorescence signal at 1.064 um. The other two
specimens caused an instant detector overload (detectorlzsaturatibnw) at l.O’r64 1m even
with <5 mW. Figure 4.13 shows the successful recording of these samples at 1.319 pm.
Both samples in figure 4.13 were rotated with a Venatcon sample rotator to minimise any
interference from thermal backgrounds. Figure 4.13 represents the fundamental advantage
of working at 1.3 pm. There are still traces of a fluorescent background visible from both

spectra but these reduced when lower excitation powers were used.

A number of other powder materials provided by Smith Klein Beecham (S.K.B.) and an
organophosphate specimen from DERA, Porton Down gave a similar result to the

examples in Figure 4.13. Publication of this data was however restricted for reasons of

confidentiality.
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Figure 4.13: F1-Raman spectra recorded at 1.319 um of two dye powders based on
sulphonic salt type structures from Kodak Ltd. (Uncorrected datay).
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Figure 4.14. FT Raman spectra of 49% crystalline PEEK recorded at 1.319um

(Uncorrected data).

Figure 4.14 shows a spectrum of 49% crystalline PEEK at 1.319 um. The material

fluoresces strongly at 1.064 um but also shows a significant fluorescent background at

higher levels of crystallinity with the 1.319 pum laser. The fluorescence is not fundamental

to the polymer but arises because the material has to be heat-treated very strongly indeed

to achieve a degree of crystallinity as high as 49 %. It was necessary to use relatively high

laser powers (~ 500 mW) to achieve satisfactory spectra due to the loss in sensitivity by

operating at 1.3 um. Almost identical results were achieved however at 1.064 pm

recording the spectra with laser powers < 10 mW. In this example there was no significant

advantage to be gained by operating further into the NIR.
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4.4 Discussion

The 1.319 pm excitation source has been demonstrated with a certain degree of success.
Despite the signal to noise (S:N) of the system being slightly lower than the 1.064 pm
arrangement, it is more than sufficient to be regarded as a useful analytical tool taking into
account the instrument used for this study. Employing a current state of the art FT-Raman
instrument with a 1.319 pm laser of greater stability would undoubtedly give a much
improved sensitivity resulting in S:N values typical of ~400:1. It must not be forgotten
that the early FT-Raman pioneers yielded a wealth of applications in the literature with

instruments of the same (if not less) sensitivity to that achieved in this study with the

1.319 um laser.

The application of the source has been successful for the most part to inorganic substances
that show indications of scatter superimposed over unacceptable fluorescent backgrounds
at 1.064 pm. The further reduction in Raman band intensity due to the v* factor can

however lead to difficulties when trying to record spectra from poor scatterers. Laser
induced heating through sample absorption of the laser radiation and self-absorption of

Raman scatter is a particular hindrance when recording water based samples, e.g. solutions

and gels.

It was suggested by Chase ef al” that fluorescence at 1.064 pm is further reduced at 1.3
um but this is probably true classical fluorescence not the real fluorescence typical of
impure organic samples for example. Real fluorescence in a sample can appear from
degradation products and impurities/additives as well as bulk materials. Spectra recorded
from specimens of this nature (provided by S.K.B) were found to yield similar fluorescent

backgrounds at both wavelengths in question.

Although inorganic chemists have found fluorescence a familiar problem when attempting
Raman measurements they have also been dogged by problems associated with

photodecomposition and absorption. The transitions between d states give rise, in almost
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all transition elements, to intense absorptions in the visible and also in the near infrared.
Unfortunately studies on many transitional metal coordination complexes at 1.3 pm

yielded similar results. Thus, whole areas of topical inorganic chemistry were

inaccessible, e.g. the study of clays or compounds of certain well-defined and important

oxidation states such as potassium manganate and Cu(1l).

The Raman shift region at 1.3 pm is limited to a range less than 1800 cm™ with the
InGaAs detector. Further shift data (out to 3000 cm™) can be obtained by switching to an
InSb detector, however this is inevitably accompanied by a significant increase in noise'.
Detector manufactures would have to very convinced of its potential before investing

capital in developing high performance devices operating out to 2.5 pm.

The problems encountered when studying samples at temperatures > 150 °C with FT
Raman due to large thermal blackbody emissions are certainly exacerbated by the reduced
sensitivity at 1.319 um. Q-switched laser techniques® could to used to reduce the thermal
background intensity and possibly increase the temperature at which samples can be

studied.

The possibility for future applications with the 1.3 um source are discussed in Chapter 5.
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5. Chapter Five: Conclusions

The objective of the work presented in this thesis was to develop FT-Raman spectroscopy
using a variety of excitation wavelengths and to apply these spectroscopic methods to the

study of polymer fibres and dyes.

These areas of research arose because the Southampton Applied Spectroscopy Group has
over a considerable number of years dedicated itself to the application of FT-Raman and
Infrared absorption spectroscopy to analytical science and in particular the study of
polymers. There have been extensive contributions to the field using the excitation sources
operating at 1.064 pm along with others at various wavelengths between the deep red and
one micron wavelength. In contrast there has been a great deal less work carried out

utilising other emission lines of the Nd:YAG laser as a Raman excitation source.

There has also been a longstanding programme at Southampton aimed at the effect of
quench cooling on the crystallisation of polyolefins and other polymers. The role of
cooling rate, molecular weight of the polymer, pressure and shear have all been
investigated. However, the main difficulty in studying crystallisation kinetics is the need
to achieve a high degree of control over the processing conditions. In particular the rates
of extrusion, extension and heat transfer are thought to directly determine the mechanical
properties of the final material. The conditions must be highly reproducible and achieved

at a commercially realistic rate.

The specific aims of the project were as follows:
(1) To design/alter and experiment with a purpose built extruder incorporating a
molten metal bath in efforts to maintain accurate control over the processing

conditions for the production of polymer fibres (Chapter 2).
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(1))  To conduct experiments to assess the affect of drawing fibres (produced with the
molten metal bath) at elevated temperatures; to analyse a series of the resulting

high modulus fibres for mechanical strength (Chapter 2).

(1)  To carry out a study of FT Raman spectroscopy at 1.3um to access the level of
sensitivity and investigate the possible potential applications for operation at this

wavelength (Chapter 4).

The result obtained from the polymer studies was that high modulus polyethylene fibres
attaining a tensile modulus of the order of 25 GPa and a tensile strength approaching 1
GPa can be produced by the process of extruding polyethylene through a molten metal
bath (at 125 °C) and annealing, then further cold drawing at a particular temperature to a
draw ratio of 15. Further studies of a series of these high modulus polyethylene fibres
were carried out using Raman-microscopy'”. Although my name was not listed as an
author in these papers, I contributed significantly to the work. The results were achieved
working in collaboration with Dr. S. Lu during his post-doctoral appointment at
Southampton. In these studies the high degree of orientation in polyethylene fibres meant
that upon 90° rotation of the sample and/or polarisation analyser, marked variations in
band intensities occured throughout the spectra. Measurements of the 1131:1064 cm™
band intensity ratio of the fibre were made and related to their Young’s modulus. The
1131:1064 cm™ band intensity ratio therefore can be related to Young’s modulus of fibres

and can be used to evaluate molecular orientation of the fibres.

Raman-microscopy was also used to investigate the melting point of high modulus
polyethylene. The 1131:1064 cm™ band intensity ratio was studied as a function of
temperature and was related to the molecular orientation of polyethylene within the fibre.
The microscopy study was carried out with a specially designed heating cell that enabled
the melting temperature of both oriented and unoriented polyethylene specimens to be
estimated. The 1131:1064 cm™ band intensity ratio is indicative of molecular orientation,

which changes dramatically as the melting point is approached. This technique, with
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appropriate caution, can be useful in estimation of the melting point of both oriented and

unoriented polyethylene specimens.

It is quite clear that this report as in perhaps every thesis is of course only an interim
report. The thesis throws up more questions than it answers — the nature of scientific
investigation. The results from the production of polyethylene fibres serve merely as an
indication of the potential that molten metal bath melt spinning coupled with effective
cold drawing offers for the production of high modulus fibres. A catalogue of engineering
problems encountered during the project restricted the time necessary to carryout a
comprehensive investigation into all the processing conditions. It is strongly felt that the
results obtained can be further improved upon using a more suitable grade of polyethylene
for the technology and varying the processing conditions. A wide range of characterisation
techniques should be employed to fully understand the physical and morphological
properties of the produced fibres, e.g. D.S.C., X.R.D. and FT Infrared and Raman

microscopies, etc.

An investigation was also undertaken using the 1.319um line from a Nd*":YAG laser as
an excitation source for FT-Raman spectroscopy. Chase et a/ ® indicated that using the
1.319 pm laser for FT Raman was considerably more useful laser line than 1.064 um
because fluorescence was reduced. I doubt this conclusion. There is little point in
changing the laser wavelength for FT-Raman from 1.064 to 1.3 um except for very
specific examples. It is true that there is some reduction in fluorescence but for the most
part the effect is not significant enough to justify its use. I would suggest that by pure
chance the wavelength of the laser line for the Nd:YAG turns out to be the optimum. I am
sure this has been indicated to some extent before. I feel it is clear that the use of red or
deep red sources is of little advantage and that radiation around 1 micron is ideal and
longer wavelengths simply present further problems. All the disadvantages associated with

the use of NIR sources are exacerbated by using longer wavelength excitation.

One of the possible potential applications for the 1.3 um excitation source is in the study

of adsorbed species using SERS. In electrode studies using visible lasers, species adsorbed
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to the electrode were shown to be both generated and removed by laser radiation’. As the
photon energy in the near infrared is reduced, photochemical changes are less likely to be
induced by the laser at 1.3 pm. SERS spectra frequently

appear over an intense fluorescence background which again might well be reduced or

possibly avoided with the 1.3 um source.

Another quite specific area worth investigating is in the field of conducting polymers.
Tanaka’s e al * showed the 632.8 nm excited Raman spectra of trans-polyacetylene (z-PA)
doped with Na at various concentrations. As the Na concentration was increased, doping-
induced Raman bands appeared at about 8 mol% and become dominant at 13 mol%.
However, at dopant concentrations less than about 8 mol%, Raman spectra showed no
significant changes from the case of pristine -PA. Raman spectra taken with a laser line of
wavelength longer than 1.064 um are more informative, because the electronic absorption

of Na-doped PA appear from the visible to infrared.

Furukawa et a/ ° investigations demonstrated how Raman spectra of lightly to fully Na-
doped PAs could be recorded at 1.3 pm. It should thus be possible to apply the 1.3 pm

excitation source to other species that show similar absorptions to the above example.

References
1. S. Lu., P.J. Hendra and A.E. Russell Journal of Materials Science 33 (1998) 4271

2. S. Lu., P.J. Hendra and A.E. Russell Spectrochimica Acta, Part A 55 (1999) 3
3. K.J. Asselin and B. Chase, Appl. Spectrosc., 48 (1994) 699.
4. J.Tanaka, Y. Saito, M. Shimizu, C. Tanaka and M. Tanaka, Bull. Chem. Soc. Jpn., 60

(1987) 1595.
5.]1.Y. Kim, S. Ando, A. Sakamoto, Y. Furukawa and M. Tasumi, Synt. Metals, 89 (1997)

149.

114



