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1 Abstract

1 Abstract

This thesis describes the work carried out at Brunel University to develop novel optical

fibre sensors capable of monitoring the cure state of an epoxy/amine resin system.

The sensors were of simple construction, consisting of an optical fibre from which the
silicone cladding layer had been removed over a short length. This stripped length was

embedded into the curing resin system. The sensor was successfully used in two ways:

1) as an evanescent absorption sensor to monitor specific absorption bands of the resin
system. The absorption of energy from the evanescent wave of the optical fibre by
absorbing media allows evanescent absorption spectra to be obtained. Absorption
spectra were obtained from sensors embedded in a model curing resin system over
narrow wavelength ranges. These wavelength ranges corresponded to positions of
known absorptions in the spectra of active components in epoxy/amine systems. By
monitoring the change in these absorptions it was possible to obtain information

about concentration of the amine hardener functional group throughout cure;

11) as a refractive index sensor capable of monitoring the changes in the refractive index
of the resin system during cure. A laser diode was used to launch light into the sensor
and the intensity of light emerging from the other end of the fibre was monitored.
Changes in the resin system refractive index caused changes in the guiding properties
of this the sensor. This resulted in a significant change in the intensity of light
recorded by the detector and allowed the cure process to be followed. This sensor was
also embedded into a unidirectional pre-preg system and was able to follow the cure

of the system.

The results from the two sensing methods have been compared with data obtained using

FTIR spectroscopy and Abbe refractometry during the resin system cure.

A theoretical model of sensor response has been developed and compared with the
experimental data obtained. The sensor response has also been compared to predictions
made by several models of evanescent sensor systems obtained from the literature. These
models have been modified so that they can be applied to a sensor embedded 1nto a curing

resin system. An analysis of the correspondence between theory and experiment is

presented.
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2 Introduction

Advanced fibre reinforced composites are important engineering materials consisting of an
arrangement of fibres surrounded by a resin matrix. Thermosets, such as epoxy/amine resin
systems, tend to be used extensively for high performance applications. The term “cure” is
used to describe the transformation of a resin from a viscous liquid to a glassy solid as a
result of applied energy. To achieve this transformation a curing agent, such as an amine,
1s reacted with the epoxy resin. The transformation is accompanied by changes in the

resin’s chemical and physical properties and as a result in the mechanical properties of the

composite system.

This thesis describes the development of in-situ techniques used for cure monitoring which

employ an optical fibre as the sensor.

It 1s difficult to give a definition of a composite material. Many naturally occurring
materials derive their properties from a combination of several distinguishable
components. For example, many body tissues consist of high stiffness fibres in a lower
stiffness matrix. The fibre alignment permits maximum stiffness in the direction of high
loads but extreme flexibility. Similarly, wood exhibits a fibrous structure that affords it

high stiffness and flexibility. The strength and toughness of metallic alloys and engineering
plastics are achieved by combining high strength phases with tough ductile phases.

Three main points can be put forward in an attempt to define a composite':
1) 1t contains two or more mechanically and physically distinct matenals;

ii) it can be made by mixing the separate materials in a controllable way to optimise the

material properties;

i) the properties of the composite are superior to the properties of the individual

components.

Fibre reinforced composites (FRCs) consist of fibres, which have a very high strength and
modulus, and plastics or resins, which may be ductile or brittle but normally provide good
chemical resistance. These are combined to give a material with new and superior
properties. The combination can produce a material with the strength and stiffness of the

fibres and toughness and chemical resistance of the matrix.
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FRC materials have enjoyed a rapid growth of use in engineering applications recently.

This has mainly involved the replacement of traditional materials, suggesting they have

superior properties for many applications. These advantages are mainly the specific
modulus and strength (modulus and strength per unit mass) which means that the weight of
components can be reduced. The other significant advantage is a flexible design approach.
FRCs can be fabricated into complex shapes, and strength and stiffness introduced into a
component where it is crucial, by tailoring the fibre arrangement and alignment. These
advantages mean that composites have found applications in fields as diverse as the
aerospace and car industries, the chemical industry (in pipes and vessels etc.), the electrical
and electronic industry (circuit boards, insulators, panels etc.) and the recreational

industries (in sports racquets, golf clubs, skis etc.). The matrix materials most widely used

in FRCs are epoxy resins.

The extensive research into the properties of FRCs in recent years has mainly concentrated
on failure processes in load bearing applications which are, on the whole, dominated by the
fibre properties. However the resin matrix properties such as resin failure strain®, void
content’, crosslink density*, and interlaminar shear strength’® can influence damage
development and progression in the composites. Composite structures are often fabricated

from layers of fibres pre-impregnated with resin known as “pre-pregs”.

Important matrix related issues, which can influence the cure kinetics of a composite,

include:
1) the extent of cure and the homogeneity of the cure in large composite structures;

i1) the chemical state of the resin (or pre-preg) prior to cure including the absorbed
moisture content of the resin which may arise from repeated freeze/thaw cycles of

pre-pregs stored at low temperature to prolong their shelf life;

iii) the chemical composition and stoichiometry of the reagents ie. the relative

concentrations of resin and curing agent;

iv) the cure schedule used to process the resin/composite and optimisation of cure

schedules, to compensate for the state of the resin.

The effect of the cure schedule on the ultimate mechanical properties of the resin has been
examined by several authors 7 ®° The environmental stability of the composite, i.e. its

resistance to factors such as the ingression of moisture, can also be influenced by the extent
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of cure of the resin'®. Furthermore, with a large and/or thick structure it is necessary to
ensure a uniform rate of cure throughout the composite to avoid a loss in structural
integrity. There has, however, been insufficient attention paid to optimising these factors
and to the long term health monitoring of resin matrices in composites. Therefore, there is
demand for a monitoring technique that is capable of determining the state of cure of a

composite in-situ, i.e. from within the composite matrix, and without affecting the integrity

of the finished component.

It can be seen from the above discussion that a study of a system for the monitoring of cure
of the resin matrix of a composite, exploiting an optical fibre sensor, is likely to be of
value. There 1s a large body of work describing optical fibre sensors for the measurement
of a multitude of parameters and on techniques for the cure monitoring of resins and

composite structures. A number of researchers have employed optical fibre techniques for

the monitoring of cure of resins or composites (section 3.5).

The novelty of the approach described here lies in the use of an evanescent sensor to
monitor the cure of an epoxy resin system by tracking the concentration of specific species
within the system at discrete wavelengths. Although models for the response of an
evanescent sensor to changes 1in concentration of an absorber do exist there have been no
comparisons between the predictions these model make and experimental results. A
comparison of this kind has been performed as part of this study. The sensor has also been
used to monitor the refractive index change of a resin and much original work has been
carried out relating the refractive index of a curing resin to its state of cure. The results
obtained using the sensor have been related to cure state data obtained using more
traditional techniques, namely Fourier Transform infra-red spectrscopy (FTIR) and

Differential Scanning Calorimetry (DSC).

This project was carried out under the supervision of the Defence Research Agency (DRA)
which provided management and supervision for the project. Because the project was
procured by a tendering process with the DRA, a comprehensive project plan was in place
from the start of the project. Quarterly progress meetings were held with the DRA at which
progress reports and a presentation of results for the preceding quarter were given. Owing
to its multidisciplinary nature two researchers undertook the project. One researcher (the
author) addressed those issues concerned with optoelectronics and instrumentation such as

sensor design, equipment design and sensor modelling. The second addressed those 1ssues
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that were nominally concerned with chemistry such as resin selection, resin chemistry, cure

kinetics and kinetic modelling.

2.1 Aims and objectives

The 1nitial project aim was to investigate and develop novel techniques based on optical
fibre evanescent field spectroscopy for the in-situ cure monitoring of the chemical
processes in FRCs. Correlation was sought between the in-situ cure monitoring techniques
and the cure kinetics and chemistry via DSC, Fourier transform infrared spectroscopy and

near infrared (NIR) spectroscopy, dynamic mechanical thermal analysis (DMTA) and

rheology. The techniques involving refractive index sensors were investigated at a later

stage of the work.

The advantages of the proposed optical evanescent wave sensor system are:

1) that 1t tracks directly the cure state of epoxy resin in real time throughout the cure
cycle. This 1s much preferred to indirect methods such as the monitoring of acoustic

velocity, dielectric properties, magnetic resonance imaging and changes in

rheological properties;

11) that the technique utilises a simple light intensity modulated system using narrow

band sources, one for each functional group instead of a dedicated FTIR. This keeps

costs down over FTIR or other more indirect methods of cure monitoring;

iii)  that the optical fibre network forms an integral part of the composite structure

allowing the possibility of the use of the fibres for post-cure condition monitoring;

iv) that during the processing of large FRC structures an on-line in-sifu cure monitoring
facility will provide information on rate of cure at various precise locations within the
structure. This could allow optimisation of autoclave parameters to provide more

efficient cure regimes;

v) that the sensor has immunity from electromagnetic interference (e.g. from autoclave

operation) and is connected via a dielectric to the instrumentation, eliminating

groundloops;

vi) that although the research was based on resin systems cured with amine curing
agents, the technique could be applied to other resin systems, providing they had

absorptions in the transmission window of the embedded optical fibres.
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The original proposal stated the research project objectives as follows.

1)

ii)

Vi)

Vi)
Viil)

1X)

preliminary studies of neat resin/curing agent to establish characteristic absorption

frequencies in the wavelength range of fibres/sources:

selection of light sources, optical fibres and detectors. Using results from i)

appropriate sources, detectors and fibres to be selected:

correlation with other established cure techniques. Cure characteristics of selected

resin systems will be studied using FTIR, NIR, and DSC:

cure monitoring equipment design addressing issues of incorporating sources and
detectors with embedded fibres. The original proposal suggested multimode

communications fibres with wavelength tuneable laser diodes, standard

telecommunications connectors and InGaAs detectors:
evaluation of cure monitoring equipment performance;

correlation of results and modelling both kinetic chemical models and sensor

response model;
fabrication and cure monitoring of unidirectional composites incorporating fibres:
correlation with conventional techniques;

preparation of final report in the form of two PhD theses.

This thesis contains details of the work conducted by the author towards the fulfillment of

the above targets. The basic principle of evanescent absorption spectroscopy is based on

the characteristic infrared and NIR absorption frequencies for the epoxy resin system being

used as the matrix of an FRC. It was proposed that changes in these during the cure process

could be detected using commercial telecommunications fibres and laser diode sources.

Changes 1n the magnitude of characteristic absorption bands of epoxy systems are greater

at longer wavelengths, however the proposal outlined the use of the shorter wavelengths at

which telecommunications fibres are transparent and telecommunications sources operate

as a way of reducing costs and increasing reliability and signal to noise ratios.

Spectroscopy 1s a useful tool, which can be used to monitor the depletion of a chemically

active functional group (e.g. epoxy or amine), in a curing resin system as a function of

processing time and temperature. Light, consisting of wavelengths corresponding to the
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absorption frequencies of the epoxy or amine active species, was launched into previously,
locally stripped optical fibres. As will be shown in section 3.3 some of the light energy
carried by an optical fibre is contained within the cladding material. This is known as the
evanescent wave. In the stripped region of the proposed fibre sensor the epoxy resin acts as
the cladding, hence selective absorption of the energy in the evanescent wave takes place

as a function of changing chemical composition of the resin.

2.2 Thesis outline

The main reasons why it 1s desirable to have a method of monitoring the cure of an epoxy

resin system have been outlined in the preceding section.

This thesis continues in the next chapter with a review of the literature which was relevant
to the work which was carried out. This includes literature covering the general
background knowledge which was needed to perform the work. It also includes the
literature which set the context of the work described here, in relation to the cure
monitoring methods which have been utilised in the past, including those employing
optical fibres as the sensing elements. The topics covered in the literature review are as

follows:

1) optical fibres and optical fibres sensors; giving a brief description of how optical
fibres work, what constitutes an optical fibre sensor and the advantages of optical

fibre sensors over their electrical counterparts;

ii) the epoxy amine cure reaction; covering the basics of the mechanisms of the epoxy

amine cure reaction;

iii) the evanescent wave and attenuated total reflection spectroscopy. How the evanescent

wave arises and how it can be put to use in spectroscopy techniques;

iv) cure monitoring techniques covering methods that have been used to monitor the cure

of resin systems by other researchers in the past;

v) optical fibre cure monitoring discussing cure monitoring techniques which use optical

fibres as their sensing elements.

The thesis then proceeds with a general experimental section covering aspects of the

experimental procedure which 1s relevant to both the evanescent absorption sensor and the

refractive index sensor.

10
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Since two very different sensing techniques were investigated in this study the
experimental procedure, results and discussion pertaining to the two sensors have been
split into separate chapters for clarity. Chapter 5 contains the experimental procedure,
results and discussion pertaining to the evanescent absorption sensor, whilst chapter 6
covers that pertaining to the refractive index sensor. The work contained in chapters 5 and

6 has been published widely and a listing of these publications can be seen in Appendix 3.

The final chapter contains a summary of the work undertaken, conclusions which were

drawn from the experimental work and suggestions for future work to be carried out on the

sensing techniques.

Appendices are included at the end of the thesis containing the listings of the computer
programs written and used during the study, the author’s publications and references from

the literature.

11
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3 Literature Review

This Chapter is a review of the literature applicable to this project. It outlines many of the

methods that are used to establish the degree of cure of epoxy resin based materials

concentrating on those methods which are capable of monitoring cure in-situ. The

following topics are discussed:

1) optical fibres and optical fibre sensors;

11) the epoxy/amine cure reaction;
11) the evanescent wave and attenuated total reflection:
tv) traditional Cure monitoring techniques;

v) cure monitoring using optical fibres;

3.1 Optical fibres and optical fibre sensors

3.1.1 Optical fibres

All light guides, including optical fibres are based on the principle of total internal
reflection. A ray of light passing through a boundary between two dielectrics of differing

refractive indices is refracted through an angle which is dictated by Snell’s law (Figure 3-1

a) and equation - 3.1.
a) b)

N2

Medium 2

Figure 3-1 a) refraction at a dielectric surface and b) light refracted at the critical angle

sing

sing. . n

- 3.1

12
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0 1s the incident angle of the ray with respect to the normal of the boundary and & is the

refracted angle; n, and n, are the refractive indices of the two media. The refractive index

of a medium is defined as the ratio of the speed of light in a vacuum to its speed in that

medium. Water, for example, has a refractive index of about 1.3. At the point where 6,

becomes 90° the refracted beam passes along the boundary and any increase in & after this

point will cause the refracted beam to be totally reflected within medium 1 (Figure 3-1b).

0) at this point is called the critical angle 6,.

7
\jacket \(jladding @ core O_,,,

step profile graded profile
n n
| core - core
: . _ : ﬁ—y—’
p P

Figure 3-2 Construction and typical profiles of optical fibres
An optical fibre 1s a dielectric structure composed of nearly transparent dielectric materials
that transports energy at wavelengths in the infrared or visible portions of the
electromagnetic spectrum. The diameter of these fibres is generally small, typically 125-
1000um, and made up of three layers as shown in Figure 3-2. The central region 1s known
as the core and this has a greater refractive index than the cladding which surrounds 1t. The
cladding is in turn usually surrounded by a protective jacket. The core can have a refractive
index profile which is either uniform or graded across its radius and these two types of
fibre are known as step-index and graded-index respectively (also Figure 3-2). The
cladding index is typically uniform and of a lower refractive index than the core. Fibres are

also classified as either multimode or single mode. Single mode fibres have a core of such
small diameter, ~5um, that light will only travel along them in one propagation “mode”. A
waveguide mode is defined as an elementary wave characteristic of the waveguide™ (in this

case the fibre). A mode propagates with characteristic phase and group velocities cross-

sectional intensity distribution and polarisation. Multimode fibre will, due to the larger

dimensions of its core, carry many more propagation modes (typically several thousand).

Optical fibres are electromagnetic waveguides working at optical frequencies. To

understand the basic principles of light propagation it is easiest to start with a geometrical

13
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optics approach. Classical geometric optics provides a reasonable description of light

propagation in regions where the refractive index varies only slightly over a distance

comparable to the wavelength of the light. This is typical of the multimode optical fibres
used 1n this study.

Cladding (n=n,)
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Figure 3-3 Propagation of light in fibre
An optical fibre effectively creates a continuous circular dielectric interface between two
dielectrics and it is easy to see that light entering the fibre at greater than the critical angle
for the two media will pass along the fibre in a series of reflections from the interface
(Figure 3-3). Combining the important fibre parameters with the free space wavelength of

the light, A propagating in the fibre, it 1s possible to form a single dimensionless parameter

V, known as the normalised frequency of the waveguide. This 1s defined as

y =222z, -n2)"

- 3.2

where p is the core radius and n. and n. are the core and cladding refractive indices

respectively. The quantity (n°o-n°c)"” is often referred to as the numerical aperture of the

fibre and is a guide to the range of incident angles the fibre will accept. Ray theory 1s valid

for cases where V» 1. because in this domain diffraction at the core/cladding interface

plays an insignificant part in the propagation of light in the fibre'*. The theory for the

refractive index sensor described in this thesis is based on the geometrical optics approach

since V was greater than 200 for the fibres used in this study.

An exhaustive treatment of optical fibres and their theory can be found in Snyder and Love

(1983)'2. An early, and much referenced paper, on the basic theory of optical fibres, which
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includes some information useful for the calculation of modes in multimode fibres (as will

be seen later) is by Gloge'’. This paper concentrates on the mode parameters and

propagation constants for singlemode and fibres with several modes, but contains a useful

treatment of multimode fibres also.

3.1.2 Optical fibre sensors

Optical fibre sensors are devices where light, transmitted along an optical fibre, is modified

by an external parameter (e.g. chemical, physical or biological).

The most basic definition of an optical sensor fibre sensor can be given with reference to
Figure 3-4. Light 1s launched into an optical fibre and guided to a measuring point where
some process affects it. The affected light 1s conveyed by a further length of fibre to a
measuring point. By comparing the received light with the light launched some

measurement can be inferred providing that the effect that the measurand has on the light 1s

reproducible and not subject to interference from other parameters.

-E.i i —
p ?%‘ FiEFe

Light source

MEASURAND

Returned light
\ _ analysed

YN\ measurement inferred

Light in fibre is affected in

modulator responds to measurand some repeatable way by
T environmental effect
o /=« >
/@ environmental signal 8/\
a) b)

Figure 3-4 Basic optical fibre sensor configurations, a) extrinsic sensor and b)intrinsic sensor
There are two basic classes of optical fibre sensors. These are known as intrinsic and
extrinsic. In extrinsic sensors the fibres are used as light guides, taking light to a modulator
which impresses information onto the light in response to some environmental stimulus.
The light is then taken either by the same, or a second fibre to a detector. The modulator
may contain one or more devices for generation, modification or transformation of the light

such as mirrors, or a gas or liquid cell. i.e. the sensing or modification of the photonic

signal takes place outside of the fibre.
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The second type of sensor relies on some property of the fibre itself to respond to an
environmental change and convert it into a modulation of the light passing through it.
These are known as intrinsic sensors and may further be divided into subclasses depending
on the mechanism by which the light has information impressed upon it, such as phase,

Intensity or polarisation modulation. Intrinsic sensors are more suitable for composite

embedment since they generally have the smallest dimensions and so present the smallest

perturbation to the composite matrix.

Optical fibre sensors can be used to sense a wide variety of parameters. The reader is
directed to the excellent introduction to the field of optical fibre sensors in the books by
Dakin and Culshaw'*"* which will not be repeated here. The first of these presents a
summary of the technology associated with fibre sensors, some essential theory and a
review of the components which are integral to fibre sensors. The second volume contains
€ssays on most sensor types, extrinsic and intrinsic, mono- and multimode. Together, these

volumes form a good introduction to fibre sensor technology and give an indication of the

vast array of parameters which fibre sensors have been employed to measure.

3.1.3 The advantages of optical fibre sensors

Optical fibres sensors are eminently suitable for use in composite structures and the
interest shown in them in recent years is, in the main, due to the advantages optical
systems have over their electrical counterparts'®. The main advantages optical fibre sensors

have over electrical sensors for many measurements are listed below:

1) probably the most important advantages in composite materials are the inert nature of
optical fibre composition and their small cross section. The fibres used 1n composites
are often glass of a similar composition to optical fibres. This means that they are
more compatible with a composite matrix than an electrical sensor would be and can
be embedded in a composite structure without perturbing that structure to the degree

that a comparable electrical sensor would,;

ii) optical fibres can carry signals with immunity to electromagnetic interference
ensuring that data on an optical fibre cannot be corrupted. This is of particular
importance in industries using heavy electrical switching gear and the aerospace
industry which is becoming ever more reliant on the integrity of signal to prevent the

failure of aircraft in flight. Since a cure sensor is likely to be used in an electrically
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1v)

V1)

vii)

viii)

noisy environment (e.g. power to an autoclave being switched for temperature

control) this is a distinct advantage;

being insulators, optical fibres are useful for linking apparatus at different electrical

potentials. This property can be exploited in high voltage systems, medical

equipment and lightning protection.

optical fibres are considered to be safer than electrical systems owing to the small

power levels of the light in the fibre. This has obvious benefits in explosive

atmospheres where a spark may trigger an explosion.

the low loss characteristics of optical fibres present the possibility of having large

distances between the sensor head and the instrumentation without the need for

amplification i.e. measurements can be made remotely.

an optical fibre is, in general, lighter and less costly than the equivalent length of
copper cable having a similar bandwidth. This allows more information to be
transmitted along a single fibre than a single wire of similar dimensions. This

property has been exploited to great effect by the communications industry;

an optical fibre can itself be used as a sensing element, particularly to parameters

such as temperature and pressure;

multiple optical fibre sensors can be placed along the same length of fibre creating a
multiplexed system of discrete sensors. It i1s possible to interrogate each sensor
separately hence obtaining spatial information on a particular measurand. Dakin'’ &
Kersey'® have written review papers covering a selection of some of the more

interesting theoretical concepts employed in multiplexing optical fibre sensors onto a

single fibre length.

Sensing techniques that utilise monomode fibres offer high resolution and a wider range of

transduction methodologies. However, because singlemode sensors usually use phase-

based optical techniques to exploit these advantages it 1s necessary to use coherent laser

sources and to construct the sensor to mechanical tolerances of the order of the wavelength

of the light being used. The interferometric methods used to interrogate such sensors lead

to incremental rather than absolute outputs, i.e. the signal repeats for every 27 change in

phase. This causes problems on power-up and at any other time the power 1s interrupted.
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For a system to be practical it i1s appropriate to use multimode fibres since they can be

made more rugged because tolerances are not so tight and have a correspondingly lower

cost. Multimode optical fibre sensors are usually based on either:

1) 1intensity modulation, employing modulation of the transmitted light amplitude in the

sensing region;

1) wavelength filtering, which employs a simple method of wavelength detection

methods and a stable wavelength source; or

iii) rate-modulation hybrid techniques, where electronics with low power consumption

are incorporated into the measuring heads.

More examples of optical fibres sensor technology can be found in the text by Eric Udd
(1991)". This book covers the basic principles of optical fibre sensing and also gives
examples of a large selection of the applications where optical fibres have found uses as

sensing elements.

This section has explained what an optical fibre is and shown the advantages of such fibres
when used as sensors over electrical sensing techniques. The next section describes the

main features of the reactions which occur during the epoxy/amine cure reaction.
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3.2 The epoxy/amine cure reaction

A basic understanding of the mechanisms of cure was needed for this work so that the
degree of cure of the epoxy system being monitored could be related to the concentrations
of reactants detected with the sensing method being used. The chapter starts with a simple
explanation of how an epoxy resin is defined and what a curing agent is and the purpose it

performs. The chapter then gives an outline of the basic chemical reactions which are

generally thought to occur during the cure of epoxy resins such as those used here.

The mechanism and kinetics of the cure schedule determine the network structure of the

cured resin and this in turn determines its mechanical and physical properties.

For most applications, epoxy resins are converted from a liquid to a three dimensional,
infusible solid held together with covalent bonds. This process is called curing or

hardening and 1s initiated using chemical hardeners or curing agents. Curing agents can
either be:

1) catalytic, in which case they serve as initiators for homopolymerisation.

Homopolymerisation involves molecules joining with like molecules to form a

network;

ii) multifunctional, functioning as reactants in the polymerisation reaction. This 1s a co-

polymerisation or polyaddition reaction; i.e. two or more molecule types are involved.

Co-polymerisation reactions result in the formation of a three dimensional network of resin
molecules crosslinked via the curing agents. For aerospace composite applications this sort
of reaction is desirable since the highly crosslinked reaction product has increased
mechanical strength and chemical resistance. Typical curing agents for such systems

include amines, amides and acid anhydrides.

3.2.1 The chemical structure of cure components
Epoxide or epoxy resins contain the epoxide group, also called the epoxy, oxirane or

ethoxyline group which is a three membered oxide ring (see Figure 3-5).

O
N
C C

Figure 3-5 An epoxide group
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Epoxy resins can generally be regarded as compounds containing more than a single epoxy
group per molecule. The resins polymerise via these epoxy groups with the use of a cross-
linking agent (or hardener) to form a tough three dimensional network. Epoxy compounds
will generally react with a compound containing active hydrogen atoms e.g. phenols,
primary and secondary amines and carboxylic acids. In these reactions the €poXy ring

opens up to form a primary or secondary alcohol in combination with hardener molecule

O R OH
VAN
C C —> c': é

R.H +

active hydrogen
molecule

Higure 3-6 Reaction of epoxy ring with active hydrogen
Many molecules become joined as this reaction repeats and in this way a crosslinked
structure can be produced. The next section will discuss the mechanisms of the

epoxy/amine cure reaction in more detail since this is the reaction of interest in this study.

3.2.2 The cure reaction

It 1s generally accepted that during the amine-epoxide cure reaction two main processes
occur. These can be seen in Figure 3-7. Primary amines present in the mixture at the start
of the reaction react with an epoxide ring forming a secondary hydroxyl group and a
secondary amine. The secondary amine can then undergo further reaction with another
epoxide group to form a further secondary hydroxyl and a tertiary amine. This tertiary
amine could then act as a catalyst for epoxide homopolymerisation, depending on its
mobility within the resin hardener mixture. The hydroxyl groups formed by these reactions

can also act as catalysts and so it can be seen that autocatalysis occurs during the early

stages of cure.
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Primary amine-epoxy addition

R—NH,  + CH;—CH—R' ——  R—N—CH,—CH—R

O H OH
Secondary amine-epoxy addition OH
|
R—I\II —C H2_(I3 H—R' + C H2—-/C H—R' —> R—N <C My CHTR
OH

Hydroxyl-epoxy (etherification)

N
OH O O

|

rigure 3-7 Generalised reaction scheme of epoxy-amine systems.
When the curing agent is an aliphatic amine Rozenberg® states that it is possible for the
tertiary amine formed in the secondary amine-epoxy reaction also to catalyse the epoxy

group polymerization. He goes on to say, however, that when aromatic amines are used as

curing agents such reactions do not take place.

Shechter ez al®’ and Dusek et al.** showed that only when epoxide groups were present in

excess did the hydroxyl groups formed in the amine-epoxy addition reactions add to the

epoxide ring. This reaction is known as etherification (see Figure 3-7).

3.2.3

Because of their importance as engineering materials, epoxies and their cure mechanisms

Reaction mechanism of epoxy-amine cure

have been the focus of a great deal of research over the past fifteen years. To characterise
the reaction mechanisms of epoxy resins it has been common practice to use the epoxy
resin phenyl glycdyl ether (PGE) because it 1s a monofunctional epoxy (i.e. it contains only
one epoxy ring.). This simplifies the analysis of the reaction since 1t 1s not accompanied by
the large changes in viscosity and other physical properties associated with the cure of
multifunctional resins. An early paper using this technique is that by Schecter ef al.”'. Here
the authors examine the cure of PGE with diethylamine. They found that certain solvents
such as IPA (iso-propyl alcohol), water and phenol, catalysed the reaction and attributed

this to the solvents’ hydrogen bond donor properties. Smith“> extended this work,

suggesting that the reaction proceeds as follows:
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the epoxy group forms a hydrogen bonded molecule in the presence of certain species.

This weakens the C-O bond in the epoxy and the H-X (where X the rest of the amine or

hydroxyl reactant) making reaction with a nucleophilic (positive attracted) reagent more

likely than with the normal epoxy molecule.

The following mechanism for the amine-epoxy reaction was proposed by Mijovic et al. **:

It 18 required for a hydrogen bond between an €poxy group or an amine group to be formed

as above. They suggest that three types of hydrogen bond complex are possible which may

participate in the reaction:

1) Epoxy-hydroxyl: Rozenberg? states that the epoxy hydroxyl reaction is the most
likely route via which the epoxy ring is opened. This reaction represents an
autocatalytic reaction since hydroxyl groups are accumulated (see Figure 3-7). The
amine hydroxyl reaction can be seen in Figure 3-8. The hydrogen bonded complex

formed makes the carbon in the epoxy ring vulnerable to nucleophilic attack by amine

molecules via a trimolecular complex.

1) Epoxy-amine: The non-catalytic reaction path is represented by the epoxy amine
reaction. This reaction is important when the number of hydroxyl groups available to
take part in reaction 1 above is low for example at the beginning of the reaction. The

amine reacts with the epoxy to form a hydrogen bond complex***’

, again making the
carbon 1n the epoxy ring more vulnerable to nucleophilic attack. Primary or secondary
amines present in the system act as the nucleophiles forming the trimolecular
complex which as 1n reaction 1 breaks down to form either a secondary or tertiary
amine. This reaction can be seen in Figure 3-9. Rozenberg® observes that even small
amounts of moisture decrease this reaction rate since the hydroxyl groups are much
better proton donors (i.e. electrophilic species) than amines. The observed rate
constant of the catalytic reaction is higher by a factor of 40 to 50 times than that of

the non-catalytic reaction meaning the concentration of proton-donor molecules is

very important when considering possible crosslinking reaction routes.

iii) Amine-hydroxyl: This hydrogen bond reaction path is stated by Mijovic ** only to be
present when the hydroxyl concentration has reached a certain threshold level.
Beyond this threshold the hydroxyl-amine complexes formed react with epoxy

hydroxyl complexes to produce secondary or tertiary amines via a transition

complex.
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| AN I
\O/ _ slow ( '
: A amine O _CHch_CHz
. N\ _/
H—0— >
epoxy-hydroxyl ' )
complex HOR
trimolecular complex
NS
B
hydroxyi + —C—CH,
|
OH

Figure 3-8 Mechanism of amine addition to an epoxy-hydroxyl complex.

| \ 'L /
_"'C_C H2 )
\O/ _ slow ( l
. +  amine «— O - CH,CH-CH,
: \ _/
H—N<_ ('?)
epoxy-amine N
complex / \
tnmolecular complex
\ / }/fast
|
amine + —CI:—C H,
OH

Figure 3-9 Mechanism of amine addition to an epoxy-amine complex.
The above reaction path has not been widely reported in studies of epoxy-amine kinetics**

However, the author’s colleague has found excellent agreement between predicted and

experimental results when this scheme was included in a mathematical model.

The mechanism of all three of these reactions routes can be summarised as follows:

[hydrogen-bond complex]+amine =@ [transition complex]| = secondary or tertiary amine.

The rate controlling step for all three 1s the ring opening step (as shown in Figure 3-8 &

Figure 3-9).
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Thermodynamic parameters for the formation of model complexes, presented by
Rozenberg™, suggest a temperature dependence for the formation of proton-donor-acceptor

complexes. For a model system of phenyl glycidyl ether, aniline and cyclohexanol, at

temperatures below 60-70°C the order of complex bond strength is as follows:

HIGHEST OH---OH > E---OH > A;---OH > A;---OH > A;---OH
STRENGTH

where OH = hydroxyl containing species, E = epoxy group, A1, A2, and A3 are primary,

secondary and tertiary amine respectively.

However,at higher temperatures the series A;---OH becomes reversed so that the relative
concentrations of complexes produced from hydroxyl groups and secondary and tertiary
amines increases. This, therefore, shows that there is a chemical effect for the retardation

in rate during the latter stages of cure as well as a retardation in rate due to diffusion effects

: . . 5
as the viscosity increases™.

Sections 3.1 and 3.2 have dealt with the fundamentals of optical fibres and with the basics
of resin cure chemistry. The next section will examine the origin of the evanescent wave

which 1s the phenomenon by which the sensor investigated in this study operates.
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3.3 The evanescent wave and attenuated total reflection
spectroscopy

The evanescent wave is utilised in the technique of attenuated total reflection (ATR)
spectroscopy. ATR 1s generally carried out using an ATR attachment for a conventional
transmission spectrometer. This attachment consists of a crystal in contact with the analyte.
Light 1s launched from the spectrometer into the crystal and is totally internally reflected a
number of times. The light emerging from the detector is detected and a spectrum of the
analyte obtained. This 1s covered in more detail in section 3.3.2. The principle of ATR can
be extended to fibres, replacing the ATR element with an optical fibre. This is described in
section 3.3.3. Section 3.3.1, examines the evanescent wave, including how it arises, the
depth to which it penetrates into the secondary medium and some experiments which have
been performed to demonstrate its existence. It is possible using conventional theory to

predict the amount of energy present in the evanescent field and hence obtain an indication

of the potential sensitivity of the evanescent optical fibre sensor.

3.3.1 The evanescent wave
Total internal reflection is a phenomena predicted by Snell’s law (section 3.1.1) whereby

light is completely reflected from a dielectric interface. Although electromagnetic theory
and total internal reflection have been studied since the time of Newton, as recently as
1947 a new phenomenon associated with total internal reflection was discovered. Goos and

Hinchen showed that there was a slight displacement of a light beam upon reflection®.

mediym 2 T sy 4
Boundary
medium 1 |<____,|
Goos Hanchen
shift
incident ray TIR ray

Figure 3-10 Goos-Hdnchen shift for total internal reflection
This is consistent with the incident ray being reflected from a parallel plane which lies a
short distance, dp, within the second material. This 1s also consistent with the phase shift
which is seen in the reflected ray. This phase shift 1s seen as due to the extra optical path
travelled by the ray. It is therefore evident that Snell’s law does not entirely describe total

ternal reflection. What actually occurs is that a standing wave, which is normal to the

‘nterface of the two media, is set up in the denser medium and in the rarer medium an
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evanescent, non-propagating electric field 1s set up. This field decays exponentially with
distance from the interface. A more sophisticated description involves analysis of the
resultant interference pattern set up as the reflected light wave interferes with the light

incident on the interface. This can be analysed mathematically by using a wave-based

picture of the reflection at the dielectric interface.

Consider a plane boundary between two dielectrics and let this boundary be in the xy plane

so that the z axis is normal to the boundary. A plane electromagnetic wave with frequency

@ and wave vector k in a dielectric medium is given by?’:

£ =FE, expi(wt —k.r)

- 3.3

Figure 3-11 an electromagnetic wave incident at an angle 0} in the yz plane to an interface in the Xy plane separating
two dielectric media of refractive indices n; and n, produces a reflected wave at angle 6, and a transmitted wave at

angle 6,
Where E is the electric vector of the plane wave at a distance r from the origin. Following

its interaction with the interface the reflected wave 1s

E_r — Ero exp l(a)rt - l(—rz-)

- 3.4

and the transmitted wave 1s:
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E, =E, expi(ot—k'r)

- 3.5

since £ is in the yz plane £.r=k K,

At the interface (z=0) the sum of the incident and the sum of the reflected electric fields
must equal the transmitted field i.e. the sum of equations - 3.3 & - 3.4 must equal equation

- 3.5. For this to be true at all times t and for all points on the interface:

D=0, =0,

- 3.6

so that there can be no frequency change occurring. The incident and reflected waves are in

the same medium with refractive index n; so that that their velocities must be the same, say

V., SO.

- 3.7

and

- 3.9

o the transmitted wave the last two equations give :

2
(kzt)2 — (_{1_25_]](12 _kiy2

n,

- 3.10
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: b, ' e 2
now since k°= o /v 1, k'y=Ksin6 and VAV =nr/n,’

2 2

), 14

t 2 ¢ 2

kz :—2-(1'——1—25111 9:]
| % n2

- 3.11

now for total internal reflection (section 3.1.1), where n,<n;, when 6>0., n;sin0; will be

greater than 1 so k', will be a complex number, say +i3 The transmitted wave equation

becomes:

L, = Lk, exp(Hif)expi(wt — k y)

-3.12

A positive exponential for the first term is obviously unrealistic since it represents a field
which increases with distance into the second medium and becomes infinite. The negative
term describes the wave amplitude which falls away exponentially with distance from the
interface. The second term describes how the wave travels along the boundary as a surface
or evanescent wave having the same frequency as the incident wave. Thus, we have an

equation which describes the disturbance in the second medium and demonstrates the

origin of the evanescent wave.

The evanescent field can be characterised by its penetration depth, d,,. This 1s the distance
from the interface where the electric field drops to 1/e of its intensity at the interface. The

penetration depth is referred to as the skin depth in some texts.

The electric field in the z-direction 1s given by:

E-tz = £ 0 €XP— ﬁZ

- 3.13

Therefore, d,=1/p will be the point at which E, falls to 1/e of its interface value.

From equation —3.11

. 1/2 27 . 1/2 |
k', = —ik| —sin” 6, - 1/ = “‘i—["(”ﬁf sin” @, — 1) =i -(sm2 6. — nzlz) = —if}
NL- ; t

- 3.14

since M. the wavelength in the second medium =ny; A; where ny;=ny/n; and njp=n;/nz, . S0:
?
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B = —zf(sinz 8, - n,*)"

-3.15

Therefore :

d - A

=Tt
* 27(sin® 0. —n, )"

-3.16
From this equation it can be seen that the penetration depth is proportional to wavelength

and that 1t becomes larger as ny;=>1 i.e. as the two refractive indices become better

matched.

A demonstration of the effect is seen in Figure 3-12. This demonstration arises from
Newton as part of his Opficks and was studied by Hall*® in great detail. Light incident on
the prism at greater than the critical angle will be totally reflected. If a lens of large radius
of curvature 1s placed in contact with a the prism the light will pass through it at the point
of contact. If the area of the spot is measured it can be seen to be greater than the area of
contact showing that some light 1s transmitted through the lens even where no contact is
made. If the angle of incidence is increased the size of the spot decreases in accordance
with equation- 3.16. In addition if white light is used the edge of the transmitted spot 1s
found to be red and the edge of the reflected “hole” is seen to be blue. This verities the
wavelength dependence of the penetration, the longer red light being transmitted whereas

the shorter blue light 1s reflected.

There are two different methods which can be employed to couple energy from the
evanescent wave and thus demonstrate its existence by making the reflection at above the

critical angle less than total. These two methods are:

i) frustrated total reflection (FTR) where some or all of the evanescent wave energy 1S

redirected and there is no overall energy loss;

ii) attenuated total reflection (ATR) where energy is absorbed and there 1s a loss.
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rigure 3-12 Experiment to demonstrate penetration of evanescent field into rarer medium and its dependence on
wavelength and angle of incidence.

1[ 2 T Low index
_ e _

High index

Figure 3-13 The frustrated total reflection filter.
It occurs when the evanescent field has sufficient energy to extend through the lower index
region and into a nearby region with a higher index. ATR is the evanescent equivalent of
bulk absorption whereby the energy of the field is reduced by giving up some of its energy
to the medium through which it 1s travelling. FTR 1is theoretically a lossless coupling, but,
can be accompanied by ATR and/or scattering losses that result in a loss of energy. FTR is
employed in the manufacture of optical beamsplitters and filters. Beamsplitters are often
cubic in shape, being made up of two 45° prisms with their hypotenuse faces placed close
to each other. By adjusting the gap between the two prisms and the refractive index of the
medium between them the cube can be made to transmit or reflect any proportion of the

incoming light. An extension of this is the frustrated total reflection filter=. This is, in

effect, an almost ideal Fabry-Perot filter and 1s similar in construction to the adjustable

beamsplitter being made up of two prisms. However, the two are separated by a high
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refractive index dielectric sandwiched between two lower index layers (see Figure 3-13)
The thickness of the lower index layers determines how much light enters the high index

region. This region acts as a Fabry-Perot cavity and, by careful choice of the layer

thicknesses and refractive indices, the cavity can be made to behave as an interference

filter for a specific narrow wavelength of light.

T'he most important application of ATR is ATR spectroscopy. And this 1s described in the

next section.

3.3.2 Conventional ATR spectroscopy.

In conventional optical spectroscopy a light beam is passed through a thickness of a sample

material and its transmission is measured as a function of wavelength.

*

a.) transmission

%

b.) internal reflection
100 0

transmission(%) Reflection (%)

100

wavelength >

c.) Optical spectrum

Figure 3-14 comparison of conventional transmission and internal reflection spectroscopy (after Harrick>>.)
This gives the characteristic transmission spectrum of the sample material (Figure 3-14, a)
and c.)). Transmission spectra have become useful for identification purposes although
they are a complex amalgamation of all of the optical properties of the material. However
the spectra are very reproducible and there are vast libraries of spectra for comparisons to
be made with. Internal reflection spectroscopy is a method where an optical spectrum 1s
recorded by placing a sample in optical contact with a transparent medium which is
optically denser. This is known as the internal reflection element (IRE). Light 1s launched
into the IRE at an angle greater than or equal to the critical angle so that total internal

reflection occurs. The wavelength dependence of the reflectivity of the sample 1s then
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measured (Figure 3-14 b)). The reflectivity is affected by the absorption of the evanescent
wave which penetrates a short distance into the sample medium. Internal reflection
spectroscopy, using a single reflection, was developed by Fahrenfort*® who demonstrated
that strong absorption bands could be obtained for certain materials using a single
reflection. He later employed the technique using 3 to 5 reflections. His name for this
technique was attenuated total reflection (ATR). Increasing the number of reflections is

analogous to increasing the pathlength in transmission spectroscopy.

The technique was extended by Harrick®*, for studying surfaces and thin films, and

Harrick’s text™ remains the definitive work on attenuated total reflection spectroscopy.

ATR has a number of advantages over transmission spectroscopy in certain instances.

These are for sample materials that are:

1) highly absorbing or nearly opaque (and would require very thin sample films in

transmission spectroscopy);
11) difficult to cast into a film of uniform thickness;

1) possess specific surface properties which differ from the bulk material. These can be

probed by the small, defined penetration depth of the evanescent wave;
1v) 1n the liquid or gas phase.

However, ATR does have its shortcomings, not least, that it is difficult to relate an ATR

spectrum to actual concentrations of species present. The method, therefore, has long been
used as a qualitative analysis technique. The main problem arises because of the change in

refractive index of the analyte medium. However, it will be shown later that the technique

can be utilised in a qualitative way for the monitoring of cure of an epoxy resin system.

The refractive index of an absorbing substance can be considered to be composed of a real

and a complex part, i.e.:

M

n=-n-+I1xK

-3.17
where 7 is the conventional index of refraction equal to the ratio of the speed of light in a
vacuum to the speed of light in the medium and x 1s the complex part of the refractive

. dex and which is equal to al/4x where « is the bulk absorption coefficient of the

medium. x 1s sometimes known as the extinction coefficient. This arises from substitution

32




W o (D

Figure 3-15 Graphs of a) the index of refraction and b) the extinction coefficient as a function of frequency near a single
absorption band.

Figure 3-15 shows the general way in which » and x depend on frequency. There are
resonance frequencies present which are dependent on the resonant frequencies of the
electrons in the medium. The index of refraction is greater than unity for small frequencies
(longer wavelengths) and increases with frequency as a resonance frequency is
approached. This 1s the case of “normal dispersion”, which is exhibited by most
transparent materials over the visible range of the spectrum. At or near a resonant
frequency however the refraction becomes “anomalous”, that is the refractive index
decreases with increasing frequency. To take into account the fact that individual electrons

will be bound differently 1t 1s common to assume that a certain fraction, f; of the electrons
in @ medium have an associated resonant frequency @, a fraction f, a resonant frequency

@», and so on. The square of the complex refractive index of a medium 1s then commonly

expressed in the form™.

2 .
2 =14 ( _J —J

2 2 ,

-3.18

which is a summation, extending over all the electron states, indicated by the subscript ;.

Here e is the electron charge, N the number of electrons per unit volume and m the electron
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mass. The fractions f; are known as oscillator strengths. The damping constants associated

with various frequencies are denoted by 7 . Anomalous dispersion can be observed

experimentally if the absorption is not too strong at the resonant frequency.

The equations describing the proportion of light reflected at a dielectric interface, with the
introduction of this complex refractive index, require significant calculation effort.
Therefore in the early days of ATR spectroscopy methods of transformation were
developed so that ATR could be made analogous to transmission spectroscopy. The most
prevalent of these is the effective thickness method that was proposed by Harrick et al.*.
The effective thickness is defined as the thickness of material required to give a spectrum
of the same contrast in a transmission experiment as that obtained via internal reflection.
This approach has it problems however as illustrated by Miiller ef al**. They present a
treatment of the problems that it is necessary to deal with when measuring the
concentration of a component of a system from the ATR spectrum of the system. They
redefine the effective thickness for the lossy case, which deviates from the lossless case on
which Harrick’s calculation for effective thickness is based. The lossy case is the case
where the reflecting medium is absorbing i.e. the case with ATR spectroscopy. One of the
most 1mportant findings of this paper is the statement that it is not sufficient to equate a
concentration change in an analyte to a change in the absorption index of the substance, k.
in calculations for sensitivity. They stated that it is also necessary to take into account the
medium refractive index change as a result of the concentration change. This has a large
etfect 1n the case of resin cure monitoring as will be discussed later. In this paper the
concentration of an absorbing species is not actually dealt with and they only calculate the
concentration of a non-absorbing solute, using ATR. The complications of determination
of the true absorption spectra of liquids is discussed by Hawranek and Jones® who
emphasis the necessity of a standard for the calibration of ATR spectra against standard

transmission spectra.

Because of these inherent difficulties ATR was until recently essentially a method for

qualitative analysis with quantitative analysis being confined to the evaluation of optical

constants ** 3> % Hansen* presented a treatment of the equations for reflectivities at a
plane boundary to obtain absorption rules for single and multiple ATR spectrometer cells.

Equations are given for all types of incident polarisation and the findings are that if the
ATR parameters are selected carefully and the complex part of the refractive index, «, 1s

not to large, i.e. 0.3 or smaller, absorbance is linear with x and with concentration of
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absorbing species if Beer’s law holds. However,calculations are again limited to optical
constants. There have been many trials in the direction of quantitative analysis but not

really any systematic approach to the problem. Miiller ef al.>® attempted this in the paper
mentioned above, concluding only how the concentration of non-absorbing samples can be

measured. More recent attempts have used a Kramers-Kronig transformation®? on the ATR
spectrum to estimate the spectrum of the absorption index, k, which is then used to correct

the absorption spectrum. This process is used iteratively to obtain a good estimate of the
true absorption and refractive index spectrum. The procedure was used quite successfully
by Hawranek and Jones °” . Bertie and Eysel* use this iterative procedure to determine
the optical constants of several organic liquids. They describe a use of the optical constants
thus measured, to calculate traditional infrared intensities but present no results of this
kind. The method is described in a paper by Huang and Urban® which compares two
methods of performing the iteration. The paper finds that the method proposed by Bertie
and Eysel * is more suited to weak bands whereas that proposed by Dignam and Mamiche-
Afara® 1s applicable to a wider range of absorption intensity although less accurate for
weak bands. A new device known as a “circle” cell, essentially a multiple reflection
cylindrical ATR cell, has been used by several authors to obtain quantitative
measurements. Sperline et al.”’ present a way of calibrating a circle cell in such a way that
general quantitative spectroscopic measurements are simplified. They use a standardising
solution to measure the average reflectance angle in the cell and the number of reflections
and mathematically fit measured ATR absorbances using the number of retlections as a
parameter. The use of the circle cell in ATR is more akin to the use of fibre optics tor

evanescent wave spectroscopy, being of the same cylindrical geometry, and this will be

dealt with 1in the next section.

An alternative way of looking at the absorption of the evanescent wave is presented in
Carniglia ef al.*®. This paper treats the interaction of evanescent photons with molecular
dipoles and gives an insight into interactions at a microscopic level with ATR. This paper
also covers the possibility of fluorescence. This is effectively the inverse process to

evanescent absorption whereby molecules in the external medium are excited by the

evanescent wave as in the absorption case but then re-emit a photon, perhaps of a different

wavelength. The photons thus emitted would have a homogenous distribution and be

detected external to the sample or by measuring the proportion reflected back into the ATR

element.
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A review of the literature has highlighted that measuring actual concentrations of species
using ATR spectroscopy is still problematic. It remains however a very useful and
frequently used technique for the measurement of parameters such as surface reactions®>*°,
and diffusion. ATR’s application to cure monitoring has been restricted due to the
problems introduced by the large refractive index change which occurs during cure. An

example of ATR being used for this purpose, however, was undertaken by Snyder and

Fuerniss °'. This describes a method for the qualitative monitoring of a photo resist cure

reaction.

3.3.3 Optical fibre, evanescent wave absorption spectroscopy.
Optical fibres guide light via total internal reflection and therefore will possess an

evanescent field at the interface between core and cladding where the reflection occurs. It
1s normal for a fibre to have a cladding much thicker than the depth to which the
€vanescent wave penetrates so that the reflected light is not frustrated or coupled into
adjacent fibres causing crosstalk. If this cladding is removed or thinned, and replaced with

an analyte substance, the evanescent wave can interact with the analyte, via ATR, and so

be observed spectroscopically.

It 1s only recently that optical fibres have begun to be used in the field of chemical sensing
using the evanescent field. This is maybe because of some inherent difficulties that optical
fibres present when used as internal reflection elements (IREs). These difficulties are
outlined by Harrick®® who pays little attention to the use of fibres as internal reflection
spectroscopy elements. He warns however that cylindrical rods and fibres in internal
reflection spectroscopy  “..may have advantages because of their simplicity in
preparation..” but “..should be used with caution.” This he says is “.because of the
complicated optical paths, calculations of angles of incidence and hence of effective
thickness cannot easilly be made.” It has already been shown that the calculations
associated with ATR are complex. However when a fibre 1s used, the associated

calculations become much more complicated. Bends in the fibre further complicate matters

and so calibrations are required.

Despite these difficulties, numerous researchers have employed optical tibres as ATR
elements. Sensor of this kind are more commonly known as fibre optic evanescent wave
absorption sensors or evanescent field absorption sensors. Many experimenters have made

use of infra-red transmitting optical fibres made of materials such as silver halide™,
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*>>" glass. Conventional silica fibres>

sapphire™, heavy metal fluoride®**> or chalcogenide
have also been used as have silica fibres modified for use in the infra-red® by reducing
their hydrogen content. A brief survey of infra-red fibre types for use in evanescent wave

spectroscopy, giving typical characteristics can be seen in Table 3-1.

Fibre Core Coating Cladding
diameter thickness thickness

Refractive Operating
index temperature

Wavelength | Attenuation
1

("C)
Chalcogenide | 250 45 30 3-10 0.5 @ 6 pm 2.9 300
glass
Fluoride 0.5-4.3 02@ 2.6pm
glass

silver halide none core only 303-15 0.7@ 2.0
10.6pum

Table 3-1. Typical characteristics of infra-red fibres”’.

(Mm) (pm) (lm)

The most common method used by these researchers is to launch light trom a
spectrometer, usually an FTIR, into the infrared fibre. The light passes through the sensing
region where it is detected by either the spectrometer’s detector or an external detector. In

this way an evanescent absorption spectrum is obtained.
Fibre evanescent wave sensors do have several attractive features e.g. .
1) remote sensing capability®’;
ii) geometric flexibility and possibility of examining small amounts of material”*;

iii) its intrinsic construction which allows multiplexing ©
iv) relative low cost and ruggedness over conventional ATR .~

The launching of the light from spectrometer to fibre in experiments carried out to date has
often involved a complicated optical arrangement of mirrors of lenses such as that seen 1n
George et al.”. It has been suggested that a more compact and low cost method would to

. . 64
be use a compact tuneable source such as a laser diode. Schnitzer et al. ** present such a

system in which they use silver halide fibre and a tuneable, lead salt, diode laser. A water

absorption spectrum was obtained in this paper. Difficulties are presented by the use of

such lasers due to their poor beam quality and the need for them to be cooled cryogenically

which make them difficult to use with optical fibres. Systems utilising tuneable sources
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will become more viable with the emergence of more compact tuneable laser sources at

longer wavelengths.

Fibre optic evanescent wave sensors have been employed to measure many different

parameters e.g.:

1) solids (aluminium corrosion®)

b

1) liquids (water’™ * - dye solutions”, gas solutions®, iso propyl alcohol®’, organic

solutions®® **7°):

2

1) biological specimens (antigens/antibodies” ™ urea/plasma®. drugs™)
Iv) gaseous specimens’ (ammonia’® and oxygen”’, CO,’®, methane™, ):
v) physical parameters (temperature®, pH*");

vi) cure of composites #5884

The sensors utilised for composite cure monitoring are of greatest interest for this research

and will be covered in more detail in section 3.5 2

3.3.3.1 Biosensors

Biosensing is a field in which evanescent sensors are used extensively. It is therefore
instructive to look briefly at the configurations used in the detection and measurement of
many biological stimuli. Biosensors tend not to be strictly intrinsic in nature because they
use additional molecules incorporated into the sensor to detect stimuli and it is the reaction

to the stimuli which are then detected by the evanescent sensor.

Fibre evanescent wave absorption sensors are used for biological sensing because of their
potential for remote and continuous sensing, small size, freedom from electrical
interference and relative biocompatibilty for use in the body. Biological sensors are almost
unique amongst optical fibre sensors in having made the transition from laboratory to
commercial application. Most fibre optic biosensors employ either tluorescence or
absorbance spectroscopic techniques to quantify the analyte. Fluorescence 1s the more
frequently used technique because of its higher sensitivity. These sensors usually employ

one of two different optical configurations at the sensing region™:

i) excitation, by the evanescent wave, of a fluorescent recognition molecule coated onto

the fibre surface which binds to the analyte; or
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) distal-cuvet configuration where fluorescent detector molecules are immobilised at

the fibre-end in a porous matrix.

The evanescent configuration is most important in biosensors and of greatest interest here.
Hirschfield® and Harrick and Loeb * were the first to show that fluorescing species near an
interface could be excited by the evanescent wave. The principle of total internal reflection
ot tluorescence was employed by Kronick and Little®®. The principle was adapted for use
in optical fibres by Andrade ef al® The use of the evanescent field geometry requires
attention to detail from the designer to assure good sensitivity since for the large (=500um)

multimode fibres commonly used, only a small fraction (<0.01%) of the power entering the
waveguide appears in the evanescent field. Also the light coupled back into the fibre for
detection 1s much smaller than for a typical fluorometer. These immunosensors have the
advantage of operating at only one wavelength; that at which the fluorescent molecules are
excited. Yoshida ef al.™ examined the effect of the excitation wavelength on the sensitivity
of a fluoro-immunosensor and obtained an order of magnitude higher sensitivity over

conventional systems by using excitation light of wavelength 650nm with a fluorescent

label called allophycocyanin.

Many biosensors use only small sections of fibre which are immersed in a flow cell or the

absorbent medium and have light endfire launched into them with an IR source, see for

l. 71 I 73

example, Eenik ef al.”” and Carome ef al.””. Much of the published work concentrates on
the chemical reactions responsible for identification of specific molecules by fluorescence.
Thompson and Ligler present an overview of the basic principles employed in these
“recognition molecule” processes. A method of binding the recognition molecules to the
silica surface of the fibre is given by Bhatia er al”. Golden et al.’® focus on the
development of several aspects of the sensing system including sensor tapering for
increased sensitivity (see section 3.3.3.2), and the ability of probes to regenerate for
repeated use. Love and Button™ discussed the physical problems associated with
evanescent sensing. They present a treatment of the optical characteristics of an evanescent
wave fluorescence biosensor. A semi-classical model was compared with results obtained
by systematically varying the optical launch conditions and cladding refractive index with
good agreement. Love was also co-author on a paper where the sensitivity limits to a

particular 1mmunoassay experiment is calculated and the kinetics of the fluorescence

process modelled using a calculation of the number of moles of a dye can be sensed over a

1mm? area of sensor”. Glass ef al.®* examine the effect of the numerical aperture of the
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fibre used on the signal level observed in evanescent fluorosensors. They showed that the
signal level is a highly sensitive function of the numerical aperture. This has important

ramifications in the field of evanescent sensing as will be shown in the next section.

3.3.3.2 Sensor enhancement

The proportion of power in the evanescent field for a multimode fibre with core diameter

200um, ne,=1.46 and ng=1.41 at 1500nm, according to Gloge’s" estimation (given by

4V/(3V2)), is approximately 1.2%. This is obviously a small proportion of the fibre launch

light which actually has an opportunity to interact with the analyte. The remaining light in
the fibre 1s unmodulated and therefore constitutes a large “noise” signal. Therefore various
researchers have sought ways to increase the proportion of light in the evanescent field or
the penetration depth of the field so increasing sensitivity. Equation - 3.16 shows that the
evanescent wave penetration depth is greatest for total internal reflection at angles
corresponding to higher order modes. The lower order modes penetrate less deeply, and so
exhibit less absorption and produce a reduction in the signal to noise ratio of the
measurement being made. As a result a way of increasing sensitivity is to populate the
higher order modes preferentially. Several methods have been proposed to achieve this.
Ruddy et al.® used an annular optical mask to suppress lower order modes and to launch
light into the cladding modes of the fibre. The size of the mask however would seem to be
difficult to optimise and there is no proof in this paper of an actual improvement in

sensitivity over a system not employing a mask.

Higher order modes may be generated at the sensing region by tapering. Gupta & Singh™*
give a theoretical explanation of the increase in sensitivity. They do this for several taper
profiles, linear, exponential and parabolic and conclude that the exponential taper profile
theoretically produces the greatest enhancement. Presumably, owing to the difficulty of
fabricating sensors with such profiles there is no experimental evidence to confirm this
theoretical prediction. In simple terms a tapered sensor increases the angle at which light
travelling along the fibre meets the interface between core and interface. A ray tracing
determination of the penetration depth of the evanescent wave for a tapered sensor can be
seen in a paper by Golden ef al”. A commercially available internal reflection
spectroscopy cell employs a short length of chalcogenide fibre which has been tapered
The cell is known as the “FiberCell” and s described in a paper by researchers at Nicolet

- «truments®. The advantages of this cell are described as being its ability to acquire

40



3 Literature Review

Spectra of extremely small sample volumes (<10ul) and high sensitivity. Its disadvantages

are the difficulty in making quantitative measurement, as discussed above, the delicate

nature of the tapered fibre and the ease with which the cell becomes contaminated beyond

the point where it is useful.

Bending or coiling the fibre should also increase the sensitivity of the sensor, not only by
allowing more sensor to be contained in a smaller sample but by increasing the angle at
which rays strike the core/analyte interface. Many researchers have taken this approach, for
example Birke and co-workers "** and Degrandpre & Burgess ©*'®. These authors do not

present any treatment of the effect of the curvature of their fibre however a brief

examination of the effect can be seen in the paper by Takeo and Hattori'"

Stewart ef al. ' show how the sensitivity of an evanescent sensor for monitoring gas can
be improved by using a D-fibre (a fibre with a D cladding cross-section'®®) with a thin high
index overlay and calculate that the sensitivity of the sensor can be enhanced by up by 2-3
orders of magnitude. The overlay increases the interaction of the evanescent wave with the
absorbing medium. These workers also suggest using a porous coating, of a similar
refractive index to the fibre cladding, into which the gas can penetrate to enhance
sensitivity. This technique has been employed by several other groups. For example
Macratth’™ uses a sol-gel derived porous glass coating to enhance both absorption and
fluorescence evanescent sensors. A low numerical aperture is achieved, by replacing the
cladding with a porous coating of similar refractive index, the proportion of energy in the
evanescent field 1s increased (see equation- 3.16). The analyte is still able to come into
contact with the evanescent wave due to the porous nature of the glass. One disadvantage

of these porous coatings 1s the ease with which they can be contaminated.

Further papers by Macraith and colleagues '*> > and by Blyler ef al. '*show the use of a
dye doped sol-gel in an oxygen sensor. This 1s actually a fluorescence sensor however it

shows the use of porous cladding to bring analyte and fibre core close together without

compromising fibre guiding properties.

Yet another method of enhancement is to coat the sensor region of a fibre with a compound
which attracts the substance which is to be detected. For example, Biirck ef al.”®"" use an
“extracting membrane” which is hydrophobic and enriches the organic compounds which

are to be detected. Of course this is fine for the detection of the presence of materials
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however again the diffusion kinetics into the polymer coating limits the quantitative

measurements which can be made.

The preceding sections have dealt with the background to optical fibre sensing and resin
cure. It has been shown that, although complicated, optical fibre evanescent absorption
spectroscopy shows promise as a method for determining the state of cure of an epoxy
resin system. The following sections will cover the methods which are currently used to
determine the state of cure of a curing resin or composite (section 3.4) and optical fibre
methods of determining the same(section 3.5.). Included in section 3.5. are references to

the author’s publications which cover refractive index and evanescent wave optical fibre

cure sensing.
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3.4 Cure Monitoring techniques

3.4.1 General sensing techniques for cure monitoring

It 1s very difficult to measure directly the viscosity and extent of cure of the resin matrix
for a composite material. Traditionally the methods employed have been based on thermal
and dynamic analysis. A variety of methods have been used in the past to monitor the

important parameters in the epoxide cure reaction. The most important methods are

covered below.

3.4.1.1 Tracking of heat of reaction

Heat fluxes into and out of the composite mass are followed to determine factors such as
the onset of the exotherm reaction. This yields important information on the state of cure of
the system. Many papers have been published by Barton '%®1%'1° o the DSC analysis of
various resin systems and the relation of results to cure. Perry ef al. ! monitored the cure
of an epoxy graphite composite using a dual heat flux sensor designed from a pile of three
thermocouples to provide on-line estimation of thermal diffusivity and to measure the
change in heat flux for calculating the Damkohler number. The results were verified using
DSC. The Damkohler number, D, is defined as the rate of heat generation over the rate of

heat conduction and can be used to represent three cure characteristics:

1) onset of reaction exotherm is when D, becomes non-zero;
11) accelerated reaction exotherm beginning when D, exceeds 1;
1) the end of the reaction can be seen when D, returns to O.

The heat fluxes were measured by spacing thermocouples within a composite close enough
that there 1s a linear temperature gradient between them but far enough apart that there 1s a
discernible temperature difference. The main drawback of this technique was noise
corruption which introduced at the thermocouple which required a high degree of filtering
and reduced the accuracy. Prime ''* presents a good review on methods for studying cure

kinetics of thermoset resins.

3.4.1.2 Dielectrometry
Other techniques which have been successfully used to follow the viscosity changes in the

. . . . 1A _
resin during cure are based on dielectric analysis methods. Kim and Lee "~ used a simple

electronic circuit, two comparators and an oscilloscope to momtor a resins dielectric
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constants during cure. In the dielectrometry measurement, dielectric constants, such as the
electric loss factor of the resin, were measured as a function of time. Two electrodes were
embedded in the composite and an electric field applied between them. Since the resin is a
dielectric this was, in effect, an electric capacitor. The charge that this capacitor could store
depended on the ability of the dipoles and ions present in the resin to follow an electric
field oscillating between the electrodes. The loss factor of the resin represents the energy
expended by the field in aligning the dipoles in the resin. This method was considered one
of the most promising before optical fibres were applied to the problem. The dielectric
method has none of the advantages of optical fibres and is susceptible to electromagnetic
interterence in its measurement. The technique is also susceptible to being rendered

Inaccurate by impurities in the resin which themselves act as dipoles and hence can

introduce 1naccuracies.

The relationship between viscosity and dielectric properties is also complex and a function
of delivery and storage time and composition of the resins. Martin''*, Mopsik ef al. '° &
Kranbuel ef al.'’® have used dielectric methods also to study cure. Mopsik tracked the cure
of a DGEBA (diglycidyl ether of bisphenol A) resin using AC-conductance measurements.
Martin used resistance measurements and dielectric analysis techniques. Typically these
sensors occupied an area of about 20mm° whereas initially the whole composite was
sandwiched between two layers of aluminium foil. A review of dielectric cure monitoring

techniques presented by Ciriscioli and Springer can be found in reference ''’.

3.4.1.3 Ultrasonic techniques

The application of ultrasound as a method of monitoring composite cure was first
published by Sofer and Hauser in 1952''*. They noticed that as a resin gels and cures the
properties of the propagation (velocity and attenuation) of ultrasonic acoustical waves
within the solid change. This is quantified in the paper by Lindrose'”. An account of a
more recent attempt by Yoon ef al. can be found in reference '*°. Harrold and Sanjana™
embedded acoustical waveguides, made of materials such as nichrome and polyester fibre-

glass, into composites and showed that these systems responded to changes in the viscosity

and acoustic impedance of the resin .

Most of the above methods are bulk methods i.e. they measure the properties of the

composite as a whole. It is desirable, as mentioned before, to make measurements at point

locations throughout the sample so as to get an idea of the homogeneity of the cure.
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Because of their small dimensions fibre optics are ideal for this since they can be placed

throughout the composite without appreciable disturbance of the material structure and

properties.

3.4.2 Cure monitoring of epoxy resin systems by near-infrared spectroscopy
The optical fibres sensor being researched by the author uses optical fibres to monitor the

cure of epoxy resin systems in the NIR region of the spectrum. There therefore follows a

summary of researchers who have monitored cure in the near infra-red. These techniques

are usually carried out using FTIR spectroscopy.

The near-infrared (NIR) spectral region can be defined as the wavelength range from

700nm to about 2500nm. Absorption bands in this region are due to overtones and
combinations of the fundamental mid-IR molecular vibration bands. Overtone bands
(harmonics) appear as approximate integer multiples of fundamental vibrations. For
example a strong absorption at 4um will give rise to a weaker absorption at 2um. The most
prominent observed overtones are those of O-H, C-H and N-H groups although all
fundamental vibrations can exhibit overtones in the NIR. Combination bands can also
occur in the NIR. These result from simultaneous excitation of two different fundamental
frequencies to give sum or difference “beats”. There are several reviews on NIR
spectroscopy and its application to quantitative and qualitative analysis'**'**'**. These are
useful references for theory and peak assignments. For quantitative analysis the NIR region
has advantages over the mid-infrared as many of the bands in the mid-infrared region
overlap. This makes quantitative analysis difficult. On the other hand, NIR spectra are
simpler and bands are well resolved allowing more accurate quantitative measurements.
For epoxy-amine systems, the bands of primary importance are due to vibrations of N-H,
O-H, and C-H. Table 3-2 below lists the bands present in a diglycidyl ether of bisphenol-A

. . . p ? 2 > 8?129
resin together with their assignments'>'#>1% %%,
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