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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: 

i) 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; 

ii) 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 into a curing 

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

presented. 
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2. Introduction 

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, 
is 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 is 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' : 

i) it contains two or more mechanically and physically distinct materials; 

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

material properties; 

iii) 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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2. Introduction 

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 s ecific 

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 strengths 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: 

i) the extent of cure and the homogeneity of the cure in large composite structures; 

ii) 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 i. e. 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 6, '° 8,9. 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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2. Introduction 

of cure of the resin10. 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 is 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 in 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 issues 
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2. Introduction 

that were nominally concerned with chemistry such as resin selection, resin chemistry, cure 
kinetics and kinetic modelling. 

2.1 Aims and objectives 
The initial 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: 

i) that it tracks directly the cure state of epoxy resin in real time throughout the cure 

cycle. This is much preferred to indirect methods such as the monitoring of acoustic 

velocity, dielectric properties, magnetic resonance imaging and changes in 

rheological properties; 

ii) 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-situ 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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2. Introduction 

The original proposal stated the research project objectives as follows. 

i) preliminary studies of neat resin/curing agent to establish characteristic absorption 
frequencies in the wavelength range of fibres/sources; 

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

appropriate sources, detectors and fibres to be selected; 

iii) correlation with other established cure techniques. Cure characteristics of selected 
resin systems will be studied using FTIR, NIR, and DSC; 

iv) 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; 

v) evaluation of cure monitoring equipment performance; 

vi) correlation of results and modelling both kinetic chemical models and sensor 

response model; 

vii) fabrication and cure monitoring of unidirectional composites incorporating fibres; 

viii) correlation with conventional techniques; 

ix) 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 in 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 is 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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2. Introduction 

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 is 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: 

i) 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 is relevant to both the evanescent absorption sensor and the 

refractive index sensor. 
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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. 
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3 Literature Review 

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: 

i) optical fibres and optical fibre sensors, 

ii) the epoxy/amine cure reaction; 

iii) the evanescent wave and attenuated total reflection; 

iv) 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) 

n, >n2 

b) 

n2 

Medium 2 
90 

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

sin B n2 

sin 0, nl 

-3.1 
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3 Literature Review 

B" is the incident angle of the ray with respect to the normal of the boundary and 6, is the 
refracted angle; n2 and nj 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 8 
becomes 90° the refracted beam passes along the boundary and any increase in 8, after this 
point will cause the refracted beam to be totally reflected within medium 1 (Figure 3-1b). 
8; at this point is called the critical angle 0, 

jacket cladding core 

step profile graded profile 

PP 

Figure 3-2 Construction and typical profiles of optical fibres 

An optical fibre is 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- 

1000µm, and made up of three layers as shown in Figure 3-2. The central region is known 

as the core and this has a greater refractive index than the cladding which surrounds it. 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, -5µm, 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 
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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 in this study. 

Cladding (n=nd) 
Total internal reflection 

Interface 

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, X, propagating in the fibre, it is possible to form a single dimensionless parameter 

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

22 )112 2_ I-Tr (n. 
0 - nc, 

-3.2 

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

respectively. The quantity (n20-n2cd112 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 is 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 12. 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)12. 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 Gloge13. 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 is launched into an optical fibre and guided to a measuring point where 

some process affects it. The affected light is 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 is 

reproducible and not subject to interference from other parameters. 

M EASU RAN D 

Returned light 
analysed 

Fibre Fibre measurement inferred 
Light source 

modulator responds to measurand 
Light in fibre is affected in 
some repeatable way by 
environmental effect 

Vv environmental signal 

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 Culshaw14,15 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 
essays 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 counterparts16. The main advantages optical fibre sensors 
have over electrical sensors for many measurements are listed below: 

i) probably the most important advantages in composite materials are the inert nature of 

optical fibre composition and their small cross section. The fibres used in 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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noisy environment (e. g. power to an autoclave being switched for temperature 

control) this is a distinct advantage; 

iii) 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. 

iv) 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. 

v) 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. 

vi) 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; 

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

such as temperature and pressure; 

viii) multiple optical fibre sensors can be placed along the same length of fibre creating a 

multiplexed system of discrete sensors. It is 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 is 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 2ic change in 

phase. This causes problems on power-up and at any other time the power is interrupted. 
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For a system to be practical it is 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: 

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

sensing region; 

ii) 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)19. 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 is initiated using chemical hardeners or curing agents. Curing agents can 

either be: 

i) 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 is 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). 

/0N 
Cc 

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

R OH 
R. H+ CC --ý 

CC 

active hydrogen 
molecule 

Figure 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 is 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-NH2 +C H2-C H-R' R-N-C H2-C H-R' 
N 0H OH 

Secondary amine-epoxy addition OH 

R-N-C H2-C H-R' + CH -C H-R' R-N, 
C H2 -L; H=R; 

HOHp ýC H2-C HR 

OH 

Hydroxyl-epoxy (etherification) 

-CH 2-C H+C H2-R' ý CH2-CH- 
i 

OH 0O 

R'-C H-C H2-OH 

Figure 3-7 Generalised reaction scheme of epoxy-amine systems. 

When the curing agent is an aliphatic amine Rozenberg2° 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 et al. 21 and Dusek et aL 22 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 Reaction mechanism of epoxy-amine cure 
Because of their importance as engineering materials, epoxies and their cure mechanisms 
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 is a monofunctional epoxy (i. e. it contains only 

one epoxy ring. ). This simplifies the analysis of the reaction since it is 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 etal. 21. 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 

suggesting that the reaction proceeds as follows: 

Smith23 extended this work, 
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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. 24: 

It is required for a hydrogen bond between an epoxy 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: 

i) Epoxy-hydroxyl: Rozenberg25 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. 

ii) 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 24°25, again making the 

carbon in 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 in reaction 1 breaks down to form either a secondary or tertiary 

amine. This reaction can be seen in Figure 3-9. Rozenberg25 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 24 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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\I/ 
N 
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slow 0+ amine ýO -CH2CH-CH2 

H-O- 0 

epoxy-hydroxyl 
complex HOR 

trimolecular complex 

fast 

hydroxyl +- -N C CH2 

OH 

Figure 3-8 Mechanism of amine addition to an epoxy-hydroxyl complex. 
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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 kinetics24 

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 4 [transition complex] 4 secondary or tertiary amine. 

The rate controlling step for all three is 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 
Rozenberg25, 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 > AI---OH > A2---OH > A3---OH 
STRENGTH 

where OH = hydroxyl containing species, E= epoxy group, Al, 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 

as the viscosity increases25. 

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 is 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 is generally carried out using an ATR attachment for a conventional 

transmission spectrometer. This attachment consists of a crystal in contact with the analyte. 
Light is 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 is 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 

Hanchen showed that there was a slight displacement of a light beam upon reflection26. 

---------------------------------- -=---- --------------------------I -p ----- 
medium 2 

medium 1 

Goos Hänchen 
shift 

incident ray TIR ray 

Figure 3-10 Goos Hänchen shift for total internal reflection 

Boundary 

This is consistent with the incident ray being reflected from a parallel plane which lies a 

short distance, dp, within the second material. This is also consistent with the phase shift 

which is seen in the reflected ray. This phase shift is 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 

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

interface 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 is 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 

co and wave vector k in a dielectric medium is given by27: 

E= Eo exp i(wt - k. L) 

- 3.3 

\/ 

Figure 3-11 an electromagnetic wave incident at an angle 6 in the yz plane to an interface in the xy plane separating 
two dielectric media of refractive indices nl and n2 produces a reflected wave at angle Or and a transmitted wave at 

angle 9, 

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 is : 

E 
r= 

Ero exp i 
(CÜr t-kr 

.Y) 

-3.4 

and the transmitted wave is: 
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Et = Eto exp i(wtt - k` 
. r) 

-3.5 

since is in the yz plane l'. r=k'y+k' 

At the interface (z=O) 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: 

Cv=CV, =C01 

-3.6 

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

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

VI , so: 

ki. ki = kt2 =ý= kr2 
vl 2 

-3.7 

and 

2 2 2 2 
t2 V1 k n2 k 

k = 2 2 
V2 nl 

- 3.8 

but for the sum of incident and reflected waves to be equal to the transmitted wave for all y 

i. e. : 

kY'=kY r=kYt 

- 3.9 

for the transmitted wave the last two equations give : 

ýk t)2 
= 

n2 
kt 

i2 -k 
iy2 

nll 
2 

-3.10 
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now since k2= cY/v21, k'y=k'sin8 and v12/v22=n22/n12 

22 
k`z2 =wv1- 

nn'2 
sin2 0 

2 

-3.11 

now for total internal reflection (section 3.1.1), where n2<nl, when 8>9, nlsinBi will be 

greater than 1 so kt, will be a complex number, say ±ißß. The transmitted wave equation 
becomes: 

Et = Eot exp(±i, ß) exp i(wt - kyy) 

-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, dp. This is 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 is given by: 

Etz = Etzo exp- ßz 

-3.13 

Therefore, dP 1/ß will be the point at which F, ý falls to 1/e of its interface value. 

From equation -3.11 

2 
1/2 

ktZ = -ik sin2 8; -1 = -i 
27c (n122 sin2 8; -1ýU2 - -i 

2ý (sin20n212)1/2 

n22 fit 

-3.14 

since Xt, the wavelength in the second medium =n12 . 
Xj where n21=n2/nl and n12=n1/n2.. So: 
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2; z (sin 2 et - n21 2 iiz ß= 
At 

-3.15 

Therefore : 

d= 
2/7(sin20 

i- n212 )1/2 

-3.16 

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

and that it becomes larger as n21=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 Opticks and was studied by Ha1128 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 is 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 is 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 is 

found to be red and the edge of the reflected "hole" is seen to be blue. This verifies the 

wavelength dependence of the penetration, the longer red light being transmitted whereas 

the shorter blue light is 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 is 

redirected and there is no overall energy loss; 

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

wavelength and angle of incidence. 
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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 is travelling. FTR is 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 filter29. This is, in 

effect, an almost ideal Fabry-Perot filter and is 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. 

The most important application of ATR is ATR spectroscopy. And this is 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. 

* II 
a. ) transmission 

e 

b. ) internal reflection 
100 

transmission(%) 

0 

0 

Reflection (%) 

100 

c. ) Optical spectrum 

Figure 3-14 comparison of conventional transmission and internal reflection spectroscopy (after Harrick 33 ) 

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 is 

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 is 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 is 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 30 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 Harrick31°32, for studying surfaces and thin films, and 
Harrick's text33 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: 

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

transmission spectroscopy); 

ii) difficult to cast into a film of uniform thickness; 

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

probed by the small, defined penetration depth of the evanescent wave; 

iv) in 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.: 

11=Yl+ZK 

- 3.17 

where n 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 K is the complex part of the refractive 

index and which is equal to aA/4iz where a is the bulk absorption coefficient of the 

medium. K is sometimes known as the extinction coefficient. This arises from substitution 
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of a complex expression for a harmonic light wave being substituted into Maxwell's wave 
equation (i. e. substituting k, the wave vector, with a complex wave vector given by 
a/c n =a/c(n+iK). ) 

n 

1 

0 

K 

0 

b) 

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

Figure 3-15 shows the general way in which n and K 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 is 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 it is common to assume that a certain fraction, fl of the electrons 

in a medium have an associated resonant frequency w1, a fraction f2 a resonant frequency 

w2, and so on. The square of the complex refractive index of a medium is then commonly 

expressed in the form34: 

n2=1+Ne2 
ffi 

me0 0) -w2 -irjo) 

- 3.18 

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

Here e is the electron charge, Nthe 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 y. 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 a!. 35 
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 Müller et al. 36. 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 important 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, x, 
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 

effect in 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 Jones37 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 38,39,40 Hansen41 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, x, is 

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. Müller et al. 36 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 transformation42 on the ATR 

spectrum to estimate the spectrum of the absorption index, x, 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 37° 43 Bertie and Eysel44 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 Urban45 which compares two 

methods of performing the iteration. The paper finds that the method proposed by Bertie 

and Eysel 44 is more suited to weak bands whereas that proposed by Dignam and Mamiche- 

Afara46 is 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. 47 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 reflections as a 

parameter. The use of the circle cell in ATR is more akin to the use of fibre optics for 

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

dealt with in the next section. 

An alternative way of looking at the absorption of the evanescent wave is presented in 

Carniglia et at. ". 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 51. 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 
is normal for a fibre to have a cladding much thicker than the depth to which the 
evanescent 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 is 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 Harrick33 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 easily be made. " It has already been shown that the calculations 

associated with ATR are complex. However, when a fibre is 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 fibres 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 halide52, 
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sapphire53, heavy metal fluoride54,55 or chalcogenide56°5' glass. Conventional silica fibres58 

have also been used as have silica fibres modified for use in the infra-red59 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 Wavelength Attenuation Refractive Operating 
diameter thickness thickness range (µm) (dBm-1) index temperature 

(Nm) (Pm) (Nm) (OC) 

Chalcogenide 250 45 30 3-10 0.5 @ 6µm 2.9 300 
glass 

Fluoride 250 45 40 0.5-4.3 
. 
02@ 2.6µm 1.51 250 

glass 

Sapphire 250 none core only 0.2-4 20@ 3µm 1.7 >1500 

silver halide 250 none core only 303-15 0.7@ 2.0 400 
10.6µm 

. Table 3-1. Typical characteristics of infra-red fibres 57 

The most common method used by these researchers is to launch light from 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.: 

i) remote sensing capability60; 

ii) geometric flexibility and possibility of examining small amounts of material52; 

iii) its intrinsic construction which allows multiplexing 61; 

iv) relative low cost and ruggedness over conventional ATR. 62 

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 in 

George et aL63. It has been suggested that a more compact and low cost method would to 

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

i) solids (aluminium corrosion65); 

ii) liquids (water52° 64 ', dye solutions", gas solutions66, iso propyl alcohol67, organic 
solutions6 , 69°'0); 

iii) biological specimens (antigens/antibodies71''2''3, urea/plasma56, drugs"); 

iv) gaseous specimens" (ammonia" and oxygen", CO2, methane79, ); 

v) physical parameters (temperature80, pH81); 

vi) cure of composites 82,83,84 

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 fluorescence or 

absorbance spectroscopic techniques to quantify the analyte. Fluorescence is the more 

frequently used technique because of its higher sensitivity. These sensors usually employ 

one of two different optical configurations at the sensing region85: 

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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ii) 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. 
Hirschfield86 and Harrick and Loeb 87 were the first to show that fluorescing species near an 
interface could be excited by the evanescent wave. The principle of total internal reflection 
of fluorescence was employed by Kronick and Little". The principle was adapted for use 
in optical fibres by Andrade et al. 89 The use of the evanescent field geometry requires 
attention to detail from the designer to assure good sensitivity since for the large (500µm) 

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 is 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 et al. 9° 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 

example, Eenik et at 71 and Carome et al. 73. Much of the published work concentrates on 

the chemical reactions responsible for identification of specific molecules by fluorescence. 

Thompson and Ligler85 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 et al. 91. Golden et al. 72 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 Button92 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 immunoassay 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 

1 mm2 area of sensor93. Glass et al. 94 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 

200µm, nc. =1.46 and ncl=1.41 at 1500nm, according to Gloge's13 estimation (given by 

4V/(3\2)), 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 is 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. 60 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 & Singh95'96 

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 etal. 97. 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 is described in a paper by researchers at Nicolet 

instruments98. The advantages of this cell are described as being its ability to acquire 

40 



3 Literature Review 

spectra of extremely small sample volumes (<l0µl) 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 Bürke and co-workers 70,99 and Degrandpre & Burgess 61, '00 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 et al. 102 show how the sensitivity of an evanescent sensor for monitoring gas can 
be improved by using a D-fibre (a fibre with aD 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 
Macraithlo4 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 is 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 is the ease with which they can be contaminated. 

Further papers by Macraith and colleagues 105,55 and by Blyler et al. 106show the use of a 

dye doped sol-gel in an oxygen sensor. This is 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, Bürck et al. 107°70 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 is 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 108,09,110 on the DSC analysis of 
various resin systems and the relation of results to cure. Perry et 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, Da is defined as the rate of heat generation over the rate of 
heat conduction and can be used to represent three cure characteristics: 

i) onset of reaction exotherm is when Da becomes non-zero; 

ii) accelerated reaction exotherm beginning when Da exceeds 1; 

iii) the end of the reaction can be seen when Da returns to 0. 

The heat fluxes were measured by spacing thermocouples within a composite close enough 

that there is a linear temperature gradient between them but far enough apart that there is 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 112 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 

resin during cure are based on dielectric analysis methods. Kim and Lee 113 used a simple 

electronic circuit, two comparators and an oscilloscope to monitor 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 
interference 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 inaccuracies. 

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 et al. "s & 

Kranbuel etal. 116 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 20mm2 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 1952118. 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 et al. can be found in reference 120. Harrold and Sanjana121 

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 4µm will give rise to a weaker absorption at 2µm. 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' 22'123'124 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 

resin together with their assignments 125'126'127'128'129 
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GROUP ASSIGNMENT WAVELENGTH COMMENTS 

Epoxy 2nd overtone of the C-H stretching 1159 nm (8627 cm') Weak band' 
vibration. 

1st overtone of C-H stretch in epoxy 1650 nm (6060 cm-') Can be overlapped by 
group adjacent bands. 

2206 nm (4532 cm"') 
Combination of the C-H stretching Most suitable for 
fundamental at 3050cm' with the C-H2 quantitative analysis 
deformation band at 1460cm1. 

Hydroxyl Combination of 0-H stretching and 2090 nm (4785 cm 1), 
deformation vibrations 2050 nm (4878 cm') 

1st overtone of the O-H stretching 1432 nm (6983 cm') Hydrogen bonded peak. 
fundamental (Hydrogen bonding causes a 

shift to longer wavelengths). 

C-H 1st overtone of C-H stretching vibration 1668 nm (5995 cm 1) Internal calibration peak. 
(aromatic) 

Combination band of the aromatic 2137 nm (4680 cm'), 
conjugated C=C stretch (1625cm"1) 2164 nm (4622 cm 1) Used as an internal standard 
with the aromatic C-H fundamental by Min et al. who do not say 
stretch (3050cm1) which peak was used 

(quotes peak at 2165- 
2136nm). 

C-H -CH overtones of -CH2, -CH3 1700 nm (5882 cm"') The series of bands at 
(aliphatic) 1770nm, 1734nm, 1670mn 

and 1690nm can all be 
attributed to aliphatic C-H 
groups. 

2nd harmonic of a C-H stretch of the 1188 nm (5232 cm') 
methyl group's 

2300 nm (4350 cm 1) 

-CH3 combination band 6" 6,19 
2400 nm (4170 cm 1) 

-CH2 combination band of methylene 
groups"9 

2100 µm (4760 cm-1) 
Terminal methylene band due to 
unsaturation6 

Table 3-2 Absorption bands of diglycidylether of bisphenol-A epoxy resin in the near-infrared region 

Strehmel et aL 128 used NuR spectroscopy to investigate the effects of different amounts of 

imidazole on the cure of a diglycidyl ether of bisphenol-A, DGEBA, with 4,4- 

diaminodiphenyl methane (DDM). The samples were each cured under the same conditions 

and the product spectra were compared. All spectra were normalised to the aromatic C-H 

combination band at 1670nm. The residual epoxy content was calculated by the authors 

from the intensity of the epoxy group at 2205nm relative to the aromatic C-H overtone 

(1670nm) using the unreacted mixture of DGEBA and DDM as the value for 100% 

epoxide. 
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Schiering et a1.130 describe the cure of a diglycidyl ether of bisphenol-A with meta- 
phenylenediamine. Samples were cured using different cure schedules and the products 

were analysed by near-IR spectroscopy. The bands analysed post-cure were the primary 

amine band at 1980nm and the -NH overtone at 1503nm. Both of these bands were ratioed 
to the aromatic C-H combination to account for path length differences. The primary amine 
band at 1980nm was not observed for any of the cured films and therefore the band at 
1503nm was taken as being directly proportional to the secondary amine concentration. 

Min et a1.13' describe a similar technique to analyse the cure of DGEBA + DDS 

(diaminodiphenylsulphone) both with and without thermoplastic polysulfone modifier. 
Samples were mixed at 120°C and cast into discs. These were then placed in an air oven at 

two different temperatures, 130°C and 205°C for various time intervals so that different 

cure degrees of cure were achieved. The authors also discuss the use of two different bands 

for use as internal standards. The peaks were described as the combined CH2, -CH band at 

1691-1669nm and the phenyl group band at 2165-2136nm. However, the band at 1691- 

1669nm does not correspond with other near-IR literature obtained for DGEBA resin 

systems since this range covers two absorption peaks 

Dannenberg127 used NIR spectroscopy to follow the cure of a diglycidyl ether of 

bisphenol-A resin with ethylenediamine at room temperature. A glass cell of 10mm 

pathlength was used and the cure was followed using a grating spectrometer collecting 

spectra over a period of 12 hours. The epoxy peak height at 2205nm was used to determine 

the epoxy value after ratioing to the non-ratioing absorbance band at 1668nm and reference 

to previously obtained calibration curves. The data presented for the epoxy value were seen 

to drop quite steeply from the first to the second data point. After this initial epoxy value 

decrease the shape of the epoxy value against time curve showed a typical "s-shape" 

typical of these systems. 

Chike et al. 129 used an NIR spectroscopy method to investigate the reaction between 

diglycidyl ether of bisphenol-A and diethylamine at room temperature. Only the epoxy 

band at 2210nm was analysed using a corrected peak height method and the results were 

compared with those obtained for Raman studies over the range 600-1350cm"1. An 

excellent correlation was seen for quantitative data obtained by the two methods. 

N IR spectroscopy of tetraglycidyl 4,4'diaminodiphenylmethane (TGDDM) + DDS 

reactions have been reported in several papers by George, St John and co-workers 63, 
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132,133,34 The reaction kinetics of a stoichiometric system at 160°C were discussed by St 
John et a1.132. Spectra were recorded for the isothermal cure by placing the resin sample in 

a quartz tube inside a heating block in the spectrometer. Spectra were then obtained up to a 
cure time of 300 minutes. A further discussion on the kinetics of the reaction occurs in a 
later section. In a further paper, DeBakker et al. 135 discuss the use of FT-Raman 

spectroscopy to follow the cure of TGDDM+DDS. Raman spectra were obtained by curing 

samples for different lengths of time in a heating block at 160°C remote from the 

spectrometer. After various time intervals samples were removed from the heating block 

and scanned by Raman spectroscopy. The results were compared with in-situ near-IR 

spectroscopy and a good correlation was seen for the limited data set. 

DeBakker et aL 133 describe a novel technique for simultaneous DSC and NIR spectroscopy 

of a TGDDM+DDS system. An external tungsten lamp was collimated and focused into a 

DSC microscopy cell. A sample of resin was placed in a glass pan on the DSC sensor and 

radiation from the lamp source was set-up to pass through the resin and glass pan. After the 

radiation had passed through the sample, a mirror directed the light towards the sample 

compartment of the spectrometer. The spectrometer was configured for emission 

measurements and the internal lamp was switched off to prevent interference. Two 

isothermal temperatures were used for cure monitoring; 150 and 170°C. By obtaining 

instantaneous reaction rates for primary amine, tertiary amine and ether groups from near- 

IR spectroscopy together with DSC heat flow data, reaction enthalpies were calculated for 

each of the reactions taking place during cure. 

The next section covers the work of authors who have extended these techniques and 

employed optical fibres in measuring the cure parameters. 

3.5 Optical fibre cure monitoring 

3.5.1 Acoustic wave monitoring. 
Davis et al. have demonstrated a variation on the acoustic method of monitoring composite 

cure136 They used interferometric optical fibre sensors to detect propagating ultrasonic 

elastic waves generated by the laser ablative method (pulses generated by the localised 

heating effect of a fast pulsed laser) and by using piezo-electric actuators. The 

laser/ultrasound pulses can be delivered by a fibre bundle facilitating remote operation (Liu 

eta["'). The response of the optical fibre to the propagating elastic waves is determined by 

the propagation direction and polarisation direction of the waves with respect to the 
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orientation of the fibre and the state of polarisation of the beam in the fibre. The transit 
time of the waves, from surface to sensor location, was shown to decrease as the cure 
process progresses. The fibre sensor works using an all fibre interferometer which has one 
arm embedded in the curing composite. A schematic of their equipment is shown in Figure 
3-16 

Figure 3-16 Schematic offibre optic detection of laser generated ultrasound in a curing epoxy specimen 

They produce plots of the relative time delay of the ultrasound signals as a function of cure 
time but, do not take these as far as processing the signal to obtain measurements of phase 

velocity and hence the bulk and shear moduli of the epoxy. An improved version of the 

apparatus is presented by the same authors the following year' 38 

3.5.2 Refractive index cure monitoring 
The change of refractive index that an epoxy resin undergoes during its cure cycle is 

characteristic of the crosslinking process and so can be used to monitor cure. Presented 

below is a review of some papers covering methods for cure monitoring by refractive index 

monitoring. 

Hans Dannenberg's paper139 outlines a method for testing the cure performance of epoxy 

resins and curing agents. This paper describes how an Abbe type refractometer, was used 

to monitor the refractive index of an epoxy. The Abbe is a prismatic device working on the 

measurement of a critical angle between a prism of known refractive index coated with a 

substance of unknown refractive index. A polymer film is used to prevent resin adhering to 

the prism of the instrument and the cure rate of the resin determined by taking a 

measurement of the resin refractive index at regular intervals. All measurements were 

taken at 590nm (the sodium D line). This is a standard wavelength at which refractive 

indices of any material are measured. Dannenberg was able to track the cure rate and 

determine the gel point (the point at which the resin an incipient crosslinked and insoluble 

49 

HYSOL EPK 907 Signal processing Unit 



3 Literature Review 

network has formed). He did not draw any conclusions as to the relationship between 

refractive index and chemical conversion of the resin components, but mentioned the 

similarity in shape between the refractive index curves and the curves obtained by tracking 

chemical conversion using a spectrometer. The paper compares curves obtained with 
different combinations of resin and curing agents and contains detailed methodology and 

suggestions as to refractive index change mechanisms. 

Cooper14° presents a method for the measurement of the refractive index of paraffin, a 

silicone elastomer and an epoxy resin in the spectral range of 500-1500nm. To do this a 
Hilger-Chance refractometer 141 was used together with an infra-red viewer. This brief 

paper describes the experimental set-up. His measured results were used to extrapolate the 

refractive index to 1600nm using the Cauchy formula: 

n= A + 
B 
A2 

+ 
C 
A4 

- 3.19 

where , =the wavelength and A, B and C are determined by solving simultaneous equations 

at three wavelengths where the refractive index is known. The fit to this was found to be 

typically better than 2x 10-4 (refractive index units). 

Jones et al. 142 describe a refractive index sensor which uses the light cone produced at the 

end of a fibre (see Figure 3-17) which has a half angle, 8 If the gap is then filled with a 

medium having an index greater than one the cone angle is diminished and the light 

coupled into the other fibre increases. The ratio of the coupled power with the liquid to a 

reference system with an air gap is a function of the medium's refractive index. 

input fibre Output fibre 

light cone in air fight cone in liquid 

Figure 3-17 Numerical aperture refractive index sensor 

Harmer 143 describes a sensor using integrated optics in the form of a Mach Zender 

interferometer. One arm of the interferometer is protected from its surroundings, the other 

is exposed (Figure 3-18). Because the optical field is not totally restricted by the 
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waveguide but some of the field is travelling as an evanescent wave at the guide-surface 
interface, any change in the surrounding medium will influence the guided modes. In this 

manner chemicals can be identified through their refractive indices although absolute 
measurements are said to be difficult. 

An early work by Kapany and Pike 144 describes a straight fibre with an unclad region 
which is used to couple light between input and output fibres. The effective numerical 
aperture and, hence, the light transmission is a function of the refractive indices of the 
liquid. This method has achieved a sensitivity of 1x 10"5 refractive index units. 

A fibre can be bent into a curve, typically a simple bend or continuous helix (Karrer and 
Orr 145) This has the effect of presenting a larger angle of incidence to the incident rays 

over the outside of the bend and so increasing sensitivity. Sensitivity to six decimal places 
has been achieved with this sensor. 

Kapany and Pontarelli 146 extend the work in reference 144 by using a tapered glass cone 
for the photorefractometer. This has a similar effect to a curved fibre in enabling more of 

the launched rays to be affected by the change in refractive index of the external medium. 

protective superstrate 
chemical 

cross-section 

substrate 

top 

Figure 3-18 Mach-Zender refractive index sensor. 

Podoleanu etal. 147 describe a sensor which provides information on the refractive index of 

a liquid by interfering two halves of the beam from a laser diode. One half is passed 

through a liquid cell containing the liquid to be analysed whilst the other half passes 

through an equivalent distance of air. Thus, a simple two-beam interferometer is set up and 

from the spectral features of the interference pattern (here measured with a grating and a 

CCD) the optical path imbalance, and hence the refractive index of the liquid, can be 

calculated. Accuracies better than 0.1% have been obtained with this system. 

51 



3 Literature Review 

Afromowitz148 presented a further method of composite cure monitoring which sensed the 
refractive index change as the polymer matrix cures. This took advantage of the increase in 
refractive index (named optical density here) of a polymer of approximately 1% that 
occurs when it cures. A short length of pre-cured "polymer fibre" was butt jointed to some 
conventional optical fibre and this assembly was then embedded in the composite. Light 
was launched into the fibre at one end and detected at the other. The curing process was 
initiated and as the composite cured the refractive index of the polymer surrounding the 
sensor increased to match that of the sensor. The consequence was that the fibre was 
unable to confine as much light and when the resin had completely cured nearly all of the 
light in the fibre was radiated into the resin. When the sensor fibre was initially exposed to 
the uncured resin there was a 10% drop in transmission, however this fell further after the 
resin had cured. 

Afromowitz explained the effect simply by considering a cured sensor fibre with refractive 
index nl and radius a, embedded in a resin medium, refractive index n2 (nl>n2). The 

number of guided modes, M, in the sensor can be taken roughly as. 

V2 
2 

- 3.20 

Where V, is the normalised frequency given by equation - 3.2. Thus, as nl approaches n2, 
M tends to zero and there are no guided modes left. There will be some residual light left 

however due to the alignment of input and output fibres and the transmission of the 

medium. 

The strength of this technique is that it is a self-referencing differential technique rather 

than an absolute technique i. e. it requires no calibration. 

Afromowitz extended this work using the sensor to monitor the cure of a graphite/EPON 

828 (DGEBA) system149 The results were essentially the same as before but transient 

increases in the sensor signals were observed and these were attributed to temperature 

effects. In a later paper Afromowitz'SO presents a more detailed study of this system. He 

studied the change in refractive index of a typical aerospace thermoset resin during cure at 

several elevated temperatures using a fibre-optic Fresnel reflection technique. The 

refractive index of a curing resin (EPON828) was measured and compared with data from 

a sample under identical conditions within a DSC. This enabled the extent of cure as a 
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function of time to be determined and hence the refractive index change as a function of 
cure was found. This was shown to be non-linear and they have begun to look at the 
applicability of the Lorentz-Lorenz equation as a model for the cure process. 

A rigorous discussion of the behaviour of the refractive index of a typical epoxy-aromatic 
diamine system is presented in a further paper by Lam and Afromowitz15' Models are 
derived to describe the refractive index dependence on temperature and extent of cure. The 

model used is an empirical one but predicts the sensor signal up to the resin gel point 
(conversion of about 0.57) An important point is made that the linear relationship between 

the refractive index and extent of cure of the resin does not extend beyond the point at 

which the resin reaches its gel-point. Part II of this paper152 discusses the performance of 
the previously proposed cure sensor. A model which describes the performance of the 

sensor is derived and the sensor is used to predict the gel-point and monitor the resin cure. 
Although the refractive index/cure relationship is not linear after the gel-point these 

researchers say that the end of cure is detected with this sensor without calibration. 

Zimmerman et al. 153 use a similar sensor, this time in typical composite resins and in pre- 

preg laminates, (the papers discussed so far use only industrial grade, fast cure epoxies). 

The technique is shown to be valid for these materials. Also the cure state of the composite 

could be determined from the normalised transmitted power through the resin fibre 

waveguide. 

Several authors have described an optical fibre refractive index sensor based on a fibre 

with its cladding removed over a small region154 In a series of papers by the author and co- 

workers 155,156,157,158, 
experiments that were carried out to track the cure of a DGEBA resin 

with hexanediamine hardener using a high refractive index optical fibre (n = 1.65) with a 

20 mm portion of its cladding removed are described. 

Kassamakov and Kafedjiev suggest an improvement on the Fresnel reflectometer' S9 They 

suggest using a spherical reflecting surface at the fibre distal end which has the effect of 

changing the divergency of the light cone at the end of the fibre. The paper includes 

calculations on the sensitivity increase although it does not include a quantitative measure 

of this. The experimental work reported produces two 's' shaped curves which demonstrate 

that the sensor with a curved end does indeed have greater sensitivity than the sensor 

where the end has no curvature. The relationship between refractive index and resin 
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structure can be found in the paper by Fridman and Shchurov160. Here, the authors show 
how it is possible to use the Lorentz-Lorenz equation to obtain such a relationship: 

R=( n2 1)(M) 

n2 +2 p 

- 3.21 

where R is known as the molar refraction, n the refractive index, M is the molecular weight 
and p is the density. R is expected to be independent of temperature or physical state for a 
particular material, and thus (n2-1)/(+2) should be proportional to density and dependent 

on the chemistry of the mixture. In the case of a curing epoxy both the density and the 

chemistry of the epoxy change as a function of cure extent and temperature. Confirmation 

of the applicability of the Lorenz-Lorentz equation must wait until more detailed 

measurements of a curing epoxy as a function of cure extent and temperature. Similar 

material is covered in Askadskii et al. 16' although this paper is not directly involved with 

resins. 

3.5.3 Near infra red spectroscopy cure sensors 
Near infra-red spectroscopy has already been discussed as a method of monitoring epoxy 

resin system cure. Standard telecommunication grade optical fibres transmit light in the 

NIR well and so are of interest to spectroscopists because they allow collection of spectra 

at a point remote from the spectrometer. Optical fibre sensor configurations based on both 

transmission 63,162,163,164 and reflection16' configurations have been reported in the literature. 

One of the most important works detailing remote FTIR spectroscopy is that by George et 

al. 63. In this work a sample of TGDDM epoxy resin with DDS hardener was placed 

between two plastic-clad silica fibres aligned in a glass capillary approximately 1 mm apart. 

One fibre had light from a FTIR spectrometer coupled into it and this light was returned to 

the spectrometer detector via the second fibre after passing through the resin sample. The 

resin spectrum was compared to that obtained via conventional FTIR spectroscopy. The 

remote spectrum was found to be marred by a large absorption band at 1408nm which was 

due to evanescent absorption by the silicone cladding of the optical fibre 
. 

Mijovic etal. 162 have, more recently used a similar configuration to monitor the cure of 

several epoxy resin systems. This technique is of little use for composite cure monitoring 
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because of the larger dimensions of fibre and capillary used which would seriously 
interfere with the composite material properties. 

3.5.4 Evanescent wave absorption cure monitoring 
Few researchers have investigated the use of evanescent wave spectroscopy for the 
monitoring of cure. This is probably due to the large refractive index change that occurs 
during resin cure and the associated problems this causes in the quantitative measurement 
of resin components as discussed above. Xu and Schlup166 examined the feasibility of using 
NIR ATR as a sensor for monitoring epoxy resin cure. They demonstrate the use of NIR 
ATR for in-situ cure monitoring by following the reaction between phenyl glycidyl ether 
and butylamine curing on an ATR crystal. Various cure spectra are presented but they 

report that the absorption bands values are approximate and show that since bands for the 

epoxy and amine groups are well isolated from interference in the spectra that the NIR is 

more suited to in-situ cure monitoring than the mid-IR region. There is however no 

treatment of the refractive index effect to allow quantitative measurement of these bands. 

This paper follows from a previous paper by the same authors 167 where the cure of a resin 

system is monitored using FTIR and the mechanism described by a two-parameter model. 

Recently Zhengfang et a1.168 have demonstrated the use of an chalcogenide fibre evanescent 

sensor to monitor the cure of a pre-preg in an autoclave. The sensor was excited using an 

FTIR spectrometer and the light from the sensor coupled into an external mercury- 

cadmium-telluride (MCT) detector. Evanescent spectra were taken every 15 minutes. 

Again, only qualitative analysis of the spectra obtained are given identifying starting 

reactants, intermediates and final products which it is said can be used to identify 

polymerisation yields. 

The paper that comes closest to the technique proposed here is by Bunimovich et aL'69 

This is actually a fiberoptic evanescent wave spectroscopy paper, but contains details of 

how a tuneable lead salt laser and a tuneable CO2 laser are used to monitor specific 

absorption bands in a spectrum during a reaction to determine the state of that reaction. A 

number of applications are described using fibre evanescent wave spectroscopy (FEWS); 

the monitoring of liquids and mixtures of liquids to determine mixture composition, gas 

monitoring, solids, thin films, chemical reactions and pollution in water. The fibres used 

were silver halide so that the system could work in the mid-IR. The different idea here is 

the monitoring of single wavelength band by tuning a source to that band although most of 
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the work presented in this paper was in fact still done using a spectrometer. In this 
wavelength range, sources and detectors etc. need cryogenic cooling and become more 
costly 

Cossins and co-workers"o°"' describe an evanescent sensor manufactured from standard 
fused silica core optical fibre from which its glass cladding was etched away over a length 

of l cm. This sensor was used to track the cure of speciality, low refractive index resins. 
These resin types are generally of poor mechanical strength and not used in engineering 
applications. These researchers used such resins to overcome the problems of satisfying the 
optical fibre guiding conditions (i. e. higher core than cladding indices). 

Two papers by the author and coworkers 155°156 describe the use of an optical fibre with a 
high refractive index core (n=1.65) with a portion of its cladding removed to monitor the 

cure of a DGEBA/hexanediamine system using evanescent wave spectroscopy. In contrast 
to the work of Cossin et al., it is the use of this specialist fibre that allows the monitoring 

of the cure of more standard resin systems. 

Druy12 et al. give an account of using fibre optics in monitoring composites during cure in 

an autoclave again by using a composite containing optical fibres interfaced with an FTIR 

machine. In this work a short length of sapphire optical fibre was used as the sensor since 

this type of fibre can withstand high temperatures. They fed the signal from FTIR to an 

autoclave environment via zirconium fluoride fibres. Monitoring the spectral changes due 

to the reaction of the epoxide ring with the amine functionality and the breaking of 

aliphatic C-H bonds, in a Fiberite 934 (toughened epoxy) laminate, they were able to track 

the cure of the composite. They also found that the sapphire fibre exhibited superior 

sensing qualities to the heavy metal doped fluoride glass (HMVIFG) type. A review of 

optical fibre cure monitoring techniques can be seen in the paper by Roberts and 

Davidson13 

The technique proposed can thus be seen to have a good degree of novelty. What is needed 

is a good model to allow the refractive index effect to be accounted for in terms of its 

effect on the specific absorption bands being observed. This will allow quantitative 

measurements of the components of the resin which change during cure. If this is 

combined with a kinetic model for the cure reaction then an extremely useful tool for the 

monitoring of composite or epoxy resin cure will be obtained. 
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3.6 Summary 
In order that an epoxy/amine resin system can be cured to provide optimum performance it 
is necessary to obtain an understanding of the chemical and physical properties of the 
system during its cure. Many studies have been undertaken with an aim to obtaining a 
greater understanding of the cure process of these systems resulting in a higher reliablity 
process and materials with enhanced physical properties 

In-situ techniques have received much attention in recent years since they allow the cure 
process to be monitored "on-line" and individual cure processes to be tailored to a 
particular specimen. Optical fibre sensors have attracted a significant portion of this 

research effort since their relatively small size and compatibility with the resin matrix 
causes little perturbation to the material. In addition the use of optical fibre sensor, together 

with spectroscopic methods, enables the chemical reaction to be investigated during the 

cure cycle. Many spectroscopy sensors have focused on the mid IR region which 

necessitates the use of expensive specialty fibres such as chalcogenides. The NIR region, 
however has possibilities as a region for cure monitoring and in addition allows the use of 

more conventional silica fibres, reducing costs significantly. 

It will be seen later that the way in which absorption and refractive index are intrinsically 

linked as described in the ATR section (section 3.3.2) had significant ramifications for the 

study described in this thesis. Epoxy resins undergo a large change in refractive index as 

cross-linking occurs during the cure process. It was therefore extremely important that this 

was taken into account when processing the data for any meaningful conclusions to be 

drawn. The experimental programme thus approached the sensing of cure from two 

directions; 

i) the spectral monitoring of cure using evanescent absorption; and 

ii) a study of the change in resin refractive index during cure. 

The qualitative and quantitative results presented in this thesis (Chapters 5 and 6) represent 

a significant contribution to the study of evanescent wave sensors. 

A good cure monitoring system offers potential financial savings from better control and 

lower rejection rate of completed components. These facts show that a market for a "smart" 

composite cure system exists. It is believed that the technique described in this thesis can 

offer such a technique effectively, at a low price and in a compact package. 
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4 Experimental 

4.1 Introduction 
The preceding sections have laid out the background knowledge which was required to 

undertake the study described in this thesis. This chapter contains a discussion of the 

general experimental issues which were considered and which are relevant to both the 

evanescent absorption sensor and the refractive index sensor. The chapter begins with a 
description of the process of selecting a resin system to model those systems commonly 
found in composite pre-pregs. This is followed by a discussion of the sensor design, the 

selection of an optical fibre type for use as the raw material for the sensor the methods 

used to fabricate the sensors. Chapters 5 and 6 describe the evanescent absorption sensor 

and the refractive index sensor respectively and contain their own experimental sections, 

specific to the experiments performed with each sensor. The work contained in these 

chapters has been published extensively and a list of these publications can be seen in 

Appendix 3. 

The original project proposal for the project stated that the technique would use "a simple, 
intensity-modulated system using narrow band sources for each functional group 

monitored instead of a dedicated FTIR spectrometer". The least expensive narrow band 

sources operate in the visible and NIR spectral regions. This is because they have been 

developed for the telecommunications market and are manufactured in large volumes. This 

also means that they can be very stable, both in terms of wavelength and intensity. The 

NIR spectral region contains the prominent absorption bands due to C-H, O-H and N-H 

bonds, which are present in all epoxy/amine resin systems, and therefore this region is 

ideal for monitoring the cure of such systems. 

Two sensors were developed and evaluated as part of this study. Although almost identical 

in construction the two sensors tracked the cure of a resin system using two very different 

physical phenomena: 

i) the refractive index of the curing resin system; and 

ii) the depletion of specific absorption bands in the system corresponding to functional 

groups such as the epoxy or hardener. 
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In order to evaluate both sensors it was necessary to select a model resin system and 
determine the position of absorption bands corresponding to species taking part in the cure 
reaction. To achieve this the following steps were taken: 

i) several commercial epoxy resins were assessed by near IR spectroscopy to identify 

absorption bands; 

ii) a representative resin system was selected which could be used in subsequent 
investigations. 

4.2 Resin system selection 
Analysis of the epoxy resin systems evaluated were carried out on a Nicolet 710 FTIR 

spectrometer configured with a KBr beam-splitter and DTGS detector (range 7800-300 cm 
1 or 1282-33,000 nm) by the author's co-researcher. For each spectrum 16 scans were 

collected at a resolution of 2 cm-1. 

The system chosen was Shell Chemicals Epikote 828 resin with a hexane-1,6-diamine 

curing agent. Epikote 828 is a diglycidyl ether of bisphenol -A type epoxy resin1'. This is a 

high purity commercial form of DGEBA, which is sometimes employed in aerospace 

composite systems. An aliphatic amine, hexane-1,6- diamine (Aldrich chemicals 98%), 

was selected as the curing agent because of 

i) the position of its absorbance band at 1545nm corresponded to commonly available 

1550 nm laser sources used for telecommunications (see below section 4.4); 

ii) its low volatility compared to similar amines such as ethylenediamine meant that the 

concentration of reactants would not change during the mixing process and 

iii) its low temperature cure properties which allowed refractive index monitoring to be 

undertaken by Abbe refractometry which had a maximum operating temperature of 

80°C. 

4.3 Sensor construction 
For the evanescent wave to penetrate from an optical fibre into the medium to be analysed 

it is necessary to either thin or remove the cladding layer of the sensor in some way (see 

Figure 4-1). The first issue to be addressed was the fabrication of the sensor and, generally 

speaking, the type of fibre used dictated the method of cladding removal. Fibre selection 

was thus an extremely important factor and the next section details the rationale behind the 
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selection of optical fibre, initially for the preliminary experiments which used optical fibre 

as a chemical sensor, and ultimately for use as a resin cure sensor. 

Analyte surrounds core at 
stripped region 

cladding 

light in 

re 

cladding removed from 
fibre over this region 

light out 

Figure 4-1 Schematic diagram of basic sensor construction (all longitudinal dimensions greatly reduced). 

4.3.1 Optical fibre selection 
The three criteria on which the fibre selection was made were: 

i) the spectral transmission characteristics of the fibre. The fibre would have to be 

transparent to the spectral regions of interest ; 

ii) the core refractive index ; 

iii) and the ease with which the fibre could be treated to create a sensor. 

As well as these criteria, the side issues of cost and ease of handling also had to be taken 

into consideration. Table 4-1 contains a summary of some of the fibre types which were 

considered. 

60 



4 Experimental 

Fibre type. Transmission window. (µm) Refractive index of core. Comments. Approximate cost m-' 

Silica/Silica. 0.4-2.2 1.46 Easily available. few pence 

Polymer clad silica 0.4-1.8 1.46 cladding damaged 10-20p 

easily, easy cladding 

removal. 

Hard clad silica 0.4 -2.2 1.46 More durable and 40p 

easily stripped of 

cladding 

High index borosilicate 0.4-2.0 1.6-1.8 lop 

Chalcogenide 1.0-6.0 2.2-2.9 Available without £162 

cladding 

Sapphire 0.2-4.0 1.7 very expensive £400-500 

(single crystal) 

Silver Halide 3.0-15.0 2.0 degrades rapidly. £300 

Table 4-1 Summary of optical fibre types 

The selection criteria for the final fibre which was used are discussed below. 

Transmission: 

The fibre chosen had to be reasonably transparent, i. e. better than 0.5dB m-1 in the 

wavelengths being monitored. Sapphire, silver halide and chalcogenide fibres were 

considered because they transmit infra-red wavelengths well. However, as can be seen 
from Table 4-1, these fibre types are very expensive and are also very difficult to work 

with. Silver halide fibre degrades in visible light, has a high loss (because of the 

polycrystalline nature of its construction) and is not capable of withstanding the elevated 

temperatures at which resin cure takes place. It is also opaque in the NIR. Chalcogenide 

glass fibre has the advantage for this application of being available without cladding. 

However, its temperature characteristics were not known, and again it is difficult to handle 

and very expensive. Sapphire fibre is also expensive and only available in short lengths. It 

does possess excellent temperature characteristics and transmission range and would be a 

possible sensor candidate if its price were to fall. Most fibre types have a reasonably low- 

loss characteristic over the range 1-2µm. Figure 4-2 shows the transmission characteristics 

of four types of fibre made using a fibre monochromator (for details of instrumentation see 

section 4.4.4). These measurements were all made using 3 metre lengths of the fibres in 

question. The dip in transmission seen at 2000nm is an artifact of the change in gratings in 

the monochromator and is normally referenced out in the conversion to absorbance units. 
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Transmission spectra of high index and Hard-clad fibre 
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Figure 4-2 Measured transmission characteristics of four fibre types. 

The transmission characteristics of all these fibre types can be seen to decrease in this 

wavelength range for all fibre types. The high index fibre and the polymer clad hard clad 

silica fibre can be seen to have little transmission above 2.2µm the high index fibre cutting 

off entirely at this wavelength. The hard clad silica fibre, has a transmittance too small to 

be of any use for a sensor signal, up to about 2.6µm. This is because this fibre type is 

polymer clad and the strong polymer absorption bands contributes to the overall 

transmission characteristics of the fibre (ironically via evanescent interaction). The overall 

intensity difference between this fibre type and the others is due to its larger diameter. The 

graded index silica fibre can be seen to have a transmittance out to above 2.6µm. 

Refractive index: 

For use in a resin or composite the use of a fairly special fibre would be unavoidable. This 

was due to the refractive index of the resin. Pure silica has a refractive index of 1.458. For 

the guiding conditions of a fibre to be satisfied the cladding of the fibre must have a 

refractive index lower than that of the core. In the case of hard clad silica fibre the polymer 

cladding has a refractive index of 1.41. If a silica fibre, with part or all of its cladding 

removed, is placed in a resin of composite material (which typically have a refractive 
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index, before cure, of around 1.55) the guiding conditions will not be met and the optical 
fibre will cease to transmit light. After making inquiries with several manufacturers a 
source for a specialist high refractive index fibre was found. The manufacturers quoted the 
core refractive index as being 1.65, satisfying the condition for fibre guidance in a resin 
system. The core was made from silica doped with lead oxide to increase its index. The 
fibre was clad with a silicone resin (nd=1.41) and had an additional acrylate layer which 
protected the cladding layer. This meant that although the cladding was easy to remove 
from the core, it was more robust than plastic clad silica fibres. This fibre was used for the 
bulk of the investigations described in this thesis including all resin and composite cure 

monitoring investigations. Hard polymer clad fibre was used in a number of experiments 

where the solution to be analysed was of lower refractive index than silica. For example, 

some preliminary experiments on curing agent concentrations in solvents were performed 

using this fibre. 

Cladding removal (sensor construction): 

The cladding (and core) of standard telecommunications fibre are made from silica and so 

to remove or thin the cladding from these it is necessary to etch it away. This can be done 

with glass etchants such as hydrofluoric acid. Owing to the hazardous nature of this 

substance it was decided to look for an alternative fibre which had a cladding which was 

easier to remove while being widely available or an alternative etchant. Plastic clad silica 

(PCS) fibres consist of a silica core surrounded by a polymer cladding. This polymer is 

extremely soft and so easily removed using a solvent such as acetone to swell and soften it 

after which it can be removed simply by wiping with an optical tissue. The softness of the 

polymer also has the disadvantage that it is easily damaged and so is not robust enough to 

survive handling in the ways encountered when embedding sensors in resin or composite. 

Hard clad silica fibre consists of a harder polymer (a proprietary fluorinated acrylate) 

cladding surrounding the usual silica core. This has the advantage of still being simple to 

remove while being more robust than the PCS equivalent. It was for these reasons that hard 

clad silica was selected as the fibre for use in the experiments conducted using silica 

optical fibres. In addition to the cladding layer the hard clad silica fibres also possessed a 

Nylon buffer layer which acted as a protective sheath. 

The stripping methodology is discussed in the next section. 
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4.3.2 Cladding removal methodology 
A method was required, of removing the cladding from the fibres, for all the fibre types, 

cleanly and consistently and so a number of tests were performed to determine methods of 
doing this. By consulting the fibre manufacturers it became apparent that there were two 

approaches: 

i) heat stripping; heating or burning off the cladding in a furnace or flame; 

ii) chemical stripping; using a solvent or some other chemical to dissolve the cladding 

The cladding was removed from the hard clad silica fibre by burning it off. The fibre was 

passed through a clean bunsen flame at a speed which allowed the polymer cladding to be 

burnt away without allowing the silica core to become too hot and degrade (so becoming 

brittle). Typically a 50mm section of fibre was passed through the flame in 2 seconds. 
After removal of the cladding the exposed core section was cleaned, first in methanol and 

then in acetone with gentle wiping with a clean optical tissue. 

The best method of stripping the high index fibre was found to be chemical stripping since 

the doped silica core did not survive exposure to a bunsen flame. Tests were carried out by 

immersing sections of fibre in a selection of solvents: chloroform, dichloromethane, 

acetone, hexane and sulphuric acid. This was also performed at a series of temperatures to 

determine the best conditions. The most effective stripping method was found to be the use 

of warm concentrated sulphuric acid. The other solvents did swell the polymer cladding, 

but did not actually remove it. The acid was warmed to 60°C and the fibre immersed in it 

over the length to be stripped. The cladding removal was visible and took approximately 

20 seconds at this temperature. The fibre section was then rinsed, firstly in water, then with 

methanol and finally with acetone to ensure a clean surface. 

Since the evanescent wave penetrates such a short distance from the core surface (of the 

order of the propagating wavelength) it was important to ensure that the core surface is 

absolutely clean. Any residue left by the stripping process will interact with the evanescent 

wave and produce a loss on sensitivity of the sensor. To achieve this the surface of the 

stripped fibre core was examined using optical microscopy, scanning electron microscopy 

(SEM) and X-ray photoelectron spectroscopy (XPS). XPS is a technique which can resolve 

individual chemical elements on a surface. 
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Optical microscopy showed the fibre surface to be free from any visible contamination as 
did SEM. XPS analysis showed that there was a lead peak present on the stripped region. 
Since the fibre core was silica doped with lead oxide this is thought to be the origin of this 
peak. 

4.4 Light source selection and instrumentation issues 
In the search for a suitable light source many options were considered although diode 
lasers were paid the most attention because of their price and availability. A tuneable 

source of some kind which would be able to cover a wide range of wavelengths would 
have been the ideal case, however, this proved impractical. Table 4-2 is a coverage of the 
lasers that were examined and their wavelengths together with a guide to their price. 

Wavelength Type Material Power Line 
width 

Operation Fibre 
compat, 

Approx. 
price 

Manufacturer. 

266nm laser NdYAG 140W - pulsed yes £ks Adlas 

523nm laser NdYLF 1kW - pulsed yes - spectra- 
physics 

532nm laser NdYAG 140m - CW yes £k PMS electro- 
W optics 

670nm laser GaAIAs 1mW him CW yes <£100 Toshiba 

825nm LED or GaAlAs 1mW 5nm/ CW/pulsed yes <£100 EG&G/ 
laser lnm Toshiba 

1060nm LED InGaAs 200µW 5- CW/Pulsed yes ~-£300 EG&G 
l Onm 

1152nm laser HeNe 10mal - CW yes £5460 Polytec 

1310nm laser AlGaAs 1mal - CW yes £600 Laser diode 
inc. 

1550nm laser AlGaAs 1mW - CW yes £750 Laser diode 
inc. 

1650nm LED GaInAs/ 26µW 50nm CW yes £50 GMMT 
InP 

1800nm LED GaSb 100µW 350nm pulsed no £35 LMS 

3300- laser Pb Salts 1-3mW - CW/pulsed no --$3000 Laser 

6300nm Photonics 

Table 4-2 Summary of sources considered as possibly suitable for cure monitoring 

Lead-salt lasers, which operate in the near to mid infra-red region and show a high degree 

of tuneability (several tens of nanometres) were thought to be interesting. They have the 

disadvantage, however, of needing to be cryogenically cooled, an expensive and 

inconvenient process, and are not very fibre compatible due to the quality of their beam 

profile and the bulkiness of the cryogenic cooling apparatus. These were decided to be 
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beyond the project budget and would compromise the aim of trying to build a self 
contained cure-monitoring system. Other alternatives for tuneable lasers include dye lasers, 
CO2 TEA lasers and tuneable, solid state lasers (such as optical parametric oscillators, 
OPOs). These have a wide range of output wavelengths but again are expensive and, if not 
bulky themselves, require a bulky pump laser 

It was proposed that telecommunications sources, detectors and fibre would be used since 
they are cheap, easily handled and readily available so it was necessary to conduct a market 
survey to discover which wavelength semiconductor sources were available "off the shelf'. It 

was decided that semiconductor lasers were probably the best choice again because of their 
price and also because of their narrow wavelength linewidth and their power. More power in 

the fibre would mean a better signal-to-noise ratio in the final signal. They also have a certain 
degree of tuneability (a few nm) controlled by altering their temperature and current. 
Semiconductor lasers are also eminently compatible with optical fibres and can be pigtailed 

and joined using telecommunications connectors, to make launching light simpler. Because of 
their small size (package dimensions of a few mm) it would be easy to incorporate them into a 

self-contained instrument. By coupling an adjustable external Fabry-Perot cavity to a diode 

laser is possible to increase the amount of tuning that can be obtained from one to several tens 

of nanometres. There are several commercial tuneable diode lasers of this sort available, (eg. 

Laser Max inc. ) centred around the telecommunications wavelengths (1310,1550nm) and 

these were also investigated, but at around £6000 each it was decided they were beyond the 

project budget again. 

4.4.1 Laser and Light Emitting Diodes 
As mentioned above the original proposal stated that discrete sources were to be used to 

monitor specific absorption bands. Thus, a survey of available optical sources compatible 

with fibre optics was undertaken to find sources of suitable wavelengths. 

The most convenient type of source is the laser diode or light emitting diode (LED) due to 

their small dimensions and low power consumption. These are most commonly available at 

wavelengths dictated by the electronics and telecommunications industries. The electronics 

industry makes use of visible (400-700nm) LEDs and laser diodes for indicators and 

displays etc. NIR laser diodes (700-900nm) are employed in devices such as compact disc 

players and CD ROM players and in some local area, fibre optic communication networks. 

The telecommunication industry uses laser diodes of around 131Onm and 15 50nm in their 
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communications networks. These two wavelengths correspond to the wavelengths of 
minimum dispersion and minimum loss respectively in standard silica optical fibres 

meaning signals at these wavelengths can be transmitted with the largest bandwidth and 
with the least loss. The devices at these wavelengths are therefore mass produced and 
therefore comparatively cheap. Conveniently the primary and secondary amine band (band 
1 in Figure 4-7) lies with its peak maximum at 1535nm. This was sufficiently close to the 
1550nm that laser diodes at this wavelength were selected as suitable sources for 

monitoring this band. A specialist LED, made by GEC Marconi, emitting with a centre 

wavelength of 1650nm (FWHM AXý25nm) was chosen to monitor the C-H band at 
1647nm (Figure 4-7, peak 2) for internal reference purposes. 

With reference to Figure 4-7, it can be seen that at around 1310nm there are no absorption 
bands. Therefore, for the refractive index monitoring experiments described in Chapter 6 

some laser diodes were also purchased at 131Onm so that there would be no interference 

from nearby absorptions. 

It is well known that laser diodes can be wavelength "tuned" to a certain degree by altering 

the injection current and temperature at which they operate1'. A series of calibration 

experiments were therefore carried out on the 1550nm diode lasers to determine their 

degree of tuneability and wavelength stability. 

4.4.2 Diode laser control 
For stable wavelength and intensity control of the laser diodes some controller electronics 

were required. Several systems were examined but the eventual system chosen was an ILX 

Inc., modular laser diode controller. This unit has four channels, each of which can support 

either a temperature or diode current controller, the read-out of these parameters being 

given on a single display. 

4.4.3 Diode laser calibration 
In order to monitor the wavelength response of the diode lasers to temperature and drive 

current a method of accurately controlling these two factors was needed. A temperature 

controlled laser diode mount was designed and constructed incorporating a thermistor for 

temperature measurement, all the electrical connections for the diode laser and a 

semiconductor, Peltier heat pump. 
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Peltier heat pumps are thermoelectric devices that work on the Peltier principle. When an 
electrical current is applied to the device one side becomes cool and the other warmer. The 
device does not create or absorb heat but moves it from one of its faces to the other. A 
device of this type was incorporated into the mount with one side in contact with a copper 
block containing the laser diode and the other in contact with a heat sink. The laser and 
Peltier current was controlled by an ILX laser diode controller which also monitored the 
laser diode temperature via a thermistor. The controller would then adjust the current to the 
cooler in order to maintain the laser diode at the temperature set by the user on its front 

panel. In this way the temperature of the diode could be controlled with an accuracy of 
±0.05°C. The laser diode controller also supplied the laser current and this could be 

adjusted to ±0.01 mA. 

First thoughts were to conduct the calibration of the laser diodes using a spectrum analyser. 
The spectrum analyser available in the University was found to have an operating range 
which did not coincide with the wavelengths chosen for use on this project. Problems were 

encountered in that the detector of the first spectrometer used, a X-19 Perkin Elmer 

UV/VIS/NIR, became saturated at the light levels created by the laser and the machine 

compensated automatically by turning its gain down to almost zero. 

Emission spectra were eventually obtained using an FTIR spectrometer with a Raman 

attachment which enabled it to measure emission spectra directly. This was configured to 

measure the emission spectrum of light incident into its sample compartment. A fibre was 
fed into the sample compartment and the light emitted from the fibre end attenuated by a 

chromatically-neutral filter between it and the detector opening so that the detector in the 

spectrometer was not saturated. The temperature and current of the laser were adjusted 

using the laser controller and mount and was left to stabilise thermally for at least 3 

minutes before a measurement was taken. This length of time has been observed as 

adequate for allowing the control system to settle on the set temperature. The laser was 

then stabilised at another temperature/current and the measurement repeated. 

In year 2 of the project a fibre monochromator was acquired (see next section). This was 

used in later experiments to measure the laser emission spectra. The use of the 

monochromator was found to give more repeatable results than the spectrometer because it 

was designed to facilitate easy launch of light into optical fibres. The light from the laser 

was launched, via an optical fibre, into the spectrometer or monochromator. In the case of 
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the monochromator the input light was chopped and the signal from the detector measured 
using a phase-sensitive detector, the output of which was then fed into a computer. The 
operation of the monochromator, as one of the most important pieces of equipment used in 
this study, is detailed later in this chapter. Figure 4-3 shows the experimental configuration 
for measurement of the laser diode wavelength using the fibre monochromator. The 
temperature of the laser diode was varied in 0.1 °C increments whilst the current was held 

constant at the diode manufacturer's recommended drive current. Runs were also 
conducted holding the diode temperature constant while varying the current in 0.1 mA 
steps. 

ýf...: 
ý; 

acquisition and 
control 

Phase sensitive detector 
OI 

Chopper 

detector 

monochromator 

laser diode temperature 
ans current control 

Fibre chuck 

optical fibre 

laser diode 
in mount 

Figure 4-3 Schematic diagram of experimental setup for laser diode wavelength measurement using fibre 
monochromator 

Five repeat temperature and current cycles for two of the lasers having wavelengths 

specified closest to the spectral region of interest. A further two cycles were conducted on 

the other two lasers. This constituted over 1500 individual measurements of laser 

wavelength in total. 

4.4.4 Fibre monochromator 
It was decided that in addition to the diode laser sources a light source was needed which 

could provide a spectral picture of the output of the evanescent sensor when immersed in 

an analyte. These data could then be used to pinpoint the wavelength to which the 

monochromatic sources would have to be tuned. The light source would need to be 

tuneable over the range of interest (1-2.5 pm) and be fibre compatible, i. e. have a facility 

for launch into fibre optics. Several candidates were examined, initially tuneable lasers 

were thought to be most suitable however it soon became clear that a more cost effective 

and flexible option would be a fibre spectrometer or monochromator. Table 4-3 is a 

summary of the tuneable light sources that were considered with their advantages and 
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disadvantages. The system finally selected was a Bentham Instruments fibre 

monochromator which consisted of a white light source 

Source type. Tuning range Resolution Comments 
(µm) 

Dye laser 0.25-0.85 - Complicated and messy, not tuneable to NIR. 
Several dyes needed for total tuning range 

Optical Parametric 0.3-3.0 - Needs pump laser (eg. Ar+ laser). High 
Oscillator (OPO) maintenance, poor fibre compatibilty 
Lead salt laser 1.5-5 - Require cryogenic cooling. Poor beam quality 

and fibre compatibility 

Tuneable diode laser 1.0-1.8 (100nm 0. lnm Doubts about wavelength stability. Small 
tuning per tuning range (; z100nm) for each laser diode 
module) module. Works using an external optical 

cavity. Fibre compatible 

Fibre spectrometer 0.4-0.85 0.5nm Very quick sampling rate, currently available 
only with silicon detector wavelength 
sensitivity although longer wavelength 
versions soon available 

Fibre 0.35-3.0+ with 0.1 nm Bulky and quite slow to acquire spectra. Fibre 
Monochromator multiple compatible with launch attachment, good 

diffraction resolution. Modular design adds to versatility. 
gratings and 
detectors 

Table 4-3 Summary of tuneable light sources considered 

which is incident into a monochromator consisting of a set of order sorting filters and 

diffraction gratings. The gratings were attached to a stepper motor, the controller of which 

could be interfaced to a computer to allow the wavelengths of interest to be specified. The 

light source was chopped to allow phase-sensitive detection to be used on the signal, 

increasing sensitivity. Light was launched into the fibre using a standard microscope 

objective. This allowed the numerical aperture of the launch light to be adjusted to match 

the type of fibre being used. This system was considered the best option because of its 

flexibility, its wavelength range would be capable of extension by insertion of a new 

grating and order sorting filter. It could also be used with standard photodiodes, in the 

experiments described below a standard InGaAs photodiode was used which would 

operate between 1000-1700nm but for longer wavelengths an alternative detector could be 

used. Driver and acquisition software was written using Data Translation DTVee software 

which is a derivative of HPVee, the Hewlett Packard modular instrumentation 

programming software. The program communicates, via an RS232 connection, with the 

stepper motor controller and the phase-sensitive detector to synchronise the scanning of the 
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monochromator with the acquisition of each point on a spectrum. Each point on a spectrum 
is sent automatically to the computer via the RS232 link and the stepper motor is then 
instructed to move sequentially onto the next point. 

Optical fibre, 
sensor 
placed here. l_ý 

detector 

Fibre chuck 
OO 

Computer 
controlling 
stepper motor 
and acquiring 
spectrum data 

Microscope 
objective 

Phase sensitive 
detector 

Optical chopper 

tungsten lamp Chopper 
/I 

controller 

0 Lamp current 
controller 

Monochromator 
containing Stepper 
gratings and motor 
filters 

Figure 4-4 Schematic diagram of fibre optic monochromator system showing all system components 

A suitable alternative to this system was thought to be a fibre spectrometer, a much more 

compact, solid state device which simply plugs straight into a PC. It makes use of a static 
diffraction grating and CCD array to measure spectra. However, when the market survey 

was being undertaken, these were only available with sensitivity in the visible and very 
NIR (400-850nm) limited by the CCD which is fabricated using silicon. At the time of 

writing the company which manufacture these devices have announced a version is under 

development which is sensitive much further into the NIR. If the in-situ cure monitoring 

work is continued then this device will be a preferable option to the slower and more bulky 

monochromator used in most of the experiments in this project. 

4.4.5 Detector selection 
Detector selection was a simple task since there was no requirement for high speeds or 

extreme sensitivity. The only criterion was a good level of sensitivity in the NIR in areas 

corresponding to the absorption bands of interest (i. e. 1.5µm and 2.2µm). 

The PIN (positive-intrinsic-negative) photodiode is one of the simplest structures in 

semiconductor devices. It is also one of the most widely used in long wavelength 

telecommunications applications because of its reliability and low cost. The structure of an 

InGaAs (indium gallium arsenide) PIN photodiode can be seen in Figure 4-5. 
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Figure 4-5 PIN diode structure. This is a p-n junction sandwiching an intrinsic, photon absorbing layer. 

The PIN diode is basically a p-n junction sandwiching a photon-absorbing layer in which 
electron-hole pairs are created by incoming light. The electrons drift towards the n type 

material and the hole towards the p-type each contributing a charge of e to the current flow 

in the external circuit. The tiny current that this process produces is amplified to a useful 

voltage level using a photodiode amplifier. Two, Profile-Instruments, transimpedance 

amplifiers were bought for this purpose . 

Figure 4-6 shows some typical sensitivity curves for two of the most common types of 

photodiode, silicon and InGaAs taken from suppliers' datasheets. 
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Figure 4-6 Typical relative sensitivities of a silicon and an InGaAs PIN photodiode (from suppliers datasheets) 

InGaAs detectors are the obvious choice for the monitoring of the absorption band at 

1535nm since detectors of this type have their peak responsivity at around this wavelength. 

The actual responsivity of the InGaAs photodiodes used in this study was quoted as 0.99 

AW"1 
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For absorption bands at higher wavelengths an additional PbSe detector was purchased. 
This is a pyroelectric detector and has a sensitivity from 1.05µm to more than 5µm, but 

required a thermoelectric cooler to reduce the thermal noise which occurs at room 

temperature. For work done in the visible wavelength range (i. e. some of the refractive 
index work, section 6) a standard silicon PIN photodiode was used 

4.4.6 Signal processing 
All spectral signals obtained in the experiments outlined below were obtained from an 

InGaAs or silicon PIN photodiode. As mentioned above (section 4.4.4) the light into the 

monochromator was chopped to allow phase-sensitive detection of the output signal and so 

increase the signal-to-noise ratio of the spectra. The photodiode was connected to the 

current input of an EG&G lock-in amplifier (model 4510). The current input of this 

instrument drops the current produced by the diode across either a 1M1 or a 100MSZ 

impedance to produce a gain of either 106 or 108 and convert the signal to a voltage. The 

majority of signals measured here were taken using the 106 gain setting. A time constant of 

300ms was used which corresponded to the time taken for the monochromator to scan one 

step. Thus, a 100nm scan with a resolution of 1 nm would take approximately 70 seconds to 

complete. The lock-in was capable of measuring the signal in two modes: 

i) X-Y mode, where the x and y components of the signal relative to the reference signal 

were measured; and 

ii) r- 8, where the magnitude (r) of the signal and its angle (6) relative to the reference 

signal were measured. 

The second of these modes was used since the absolute magnitude of the signal was of 

interest to us and any change in the phase between signal and reference would cause a drift 

in x and y. Using these techniques a signal with a stability of ±0.1% was achieved. 

For the purposes of data acquisition a 486 PC compatible computer, together with a 

Amplicon PC26AT 16MHz acquisition card and DASH 300 acquisition software 

compatible with the windows environment was used. 

4.5 Results of FTIR analysis of model epoxy system 

FTIR Cure spectra were taken of the model Epikote 828/hexanediamine resin mixture at 

isothermal temperatures of 30,40 50 and 60°C. 
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For this system, the most important peaks for cure monitoring are at the following 
wavelengths: O-H (1430 nm), N-H (1538 and 2024 nm), epoxy (1648 and 2208 nm), 
aromatic C-H (1670,213 6 and 2163 nm). 
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Figure 4-7 Near infra-red spectrum of Epikote 828 and hexanediamine. See Table 4-4 for numbered peak assignments 

Figure 4-7 shows the spectra for the resin system before and after cure at 50°C over the 

range 1300-2300nm. The peaks numbered in the diagram correspond to the band 

assignments shown in Table 4-4. The bands can be seen to be well resolved allowing 

accurate quantitative measurements to be made from them. 

Peak Number Wavelength (nm) Assignment 

1 1535 Overtone of N-H stretch (shown by primary and secondary 
am ne' 76) 

2 1647 1st overtone of C-H stretching vibration ( internal reference) 

3 2024 N-H combination (amine) 

4 2163 Combination of aromatic conjugated C=C stretch with aromatic 
C=H fundamental stretch'? , 178 

5 2207 Combination of the C-H stretching fundamental with the C-H 

deformation band (Epoxy absorption) 179 

Table 4-4 Assignments of resin system absorption bands compiled from references 175-179 
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This graph gives an indication as to which peaks, visible in this spectral region, play a part 
in the cure process and therefore are suitable for use as an indication of cure state. The 

peaks numbered 1,3 and 5 correspond to primary and secondary amine, primary amine and 
epoxy respectively. The epoxy peak appears in all epoxy amine systems whereas the 
position of the amine peaks is specific to the curing agent being used. All of these peaks 
are depleted during cure, making them suitable for cure monitoring. It is a standard 
spectroscopic technique to employ an internal reference against which all other 
measurements are compared in order to account for spectra baseline changes due to 

refractive index or pathlength changes in the sample. Peaks 2 and 4 are due to an aromatic 
C-H bond and band 2 appears not to deplete during cure . 

This band is therefore a possible 

candidate for use as an internal standard. The next task was to select sources which 

corresponded in wavelength to these absorption bands, in order that light launched into the 

sensor from these sources would have part of their power absorbed from the evanescent 

wave. 

4.6 Results of laser diode calibration 
Three laser diodes were selected from the four which were purchased having nominal 

wavelengths closest to the 1545 nm peak maximum of the amine absorption band. These 

were described as following: 

i) serial number 30615: quoted wavelength =1554nm; 

ii) serial number 30654: quoted wavelength =1550nm; 

iii) serial number 30672: quoted wavelength =1549nm. 

These lasers were mounted in turn into the temperature-controlled mount, connected to an 

optical fibre, which was pointed at the detector in the Raman compartment of an FTIR 

spectrometer. The drive current to the laser was varied at isothermal temperature and also 

the temperature was varied at a stable current (this was set at the manufacturers 

recommended drive current of 21 mA). This was in order to determine the variation in 

wavelength with temperature at constant current and with current at constant temperature. 

The laser was left to stablilise for at least 3 minutes after a temperature adjustment was 

made. Over 300 spectra were recorded for each laser. 

Figure 4-8 and Figure 4-9 are three dimensional plots for one of the lasers (30615) and are 

typical of those seen for all three. 
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Figure 4-8 Variation in wavelength with temperature for semiconductor laser diode at constant current of 21 mA 
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Figure 4-9 Variation of wavelength with changing drive current for semiconductor laser diode (constant temperature 
25°C) 

The variation in wavelength with temperature (Figure 4-8) can be seen to be unpredictable 

in nature with the various lasing modes becoming dominant as the temperature changes. 

The results showed that it was not possible to tune the lasers with temperature controllably 

and predictably, possibly because the temperature control was not stable enough to keep 

the cavity length constant. 
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A similar variation of the drive current at constant temperature (Figure 4-9) showed little 

promise for laser tuning. Although the change in the lasing modes is more stable and 

predictable over the useable drive currents there is no steady variation in wavelength. The 

effect seen is the coupling of power into the laser side modes as the lasing characteristics 

change. 

The wavelength at which a laser emits is dependent on a number of factors, the two main 

ones being the gain profile and the cavity mode structure. The gain profile of a laser is 

dependent on the energy levels over which electrons make transitions when they are 

stimulated by a photon into emitting light. A laser cavity can support oscillations at various 

frequencies determined by the cavity length and separated by : 

C 
Av= 

2nL 

- 4.1 

where c is the speed of light in vacuo, L the cavity length and n the refractive index of the 

lasing medium. A superposition of the two determines which modes within the laser are 

amplified. 

Laser transition line 
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Figure 4-10 Factors affecting laser output wavelength. 

Figure 4-10 is a diagram showing the superposition of these two factors. It can be seen that 

if the gain line is narrow enough and/or the cavity short enough then only a single 

frequency will be supported. In the case of a diode laser, the gain linewidth can be affected 
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by drive current and temperature and this will alter the diode's band structure. The cavity 

modes are also altered due to thermally induced changes in cavity length and this will 

change the diode's band structure. 
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5 The evanescent absorption sensor for tracking 
resin cure 

5.1 Introduction 
This chapter details the work carried out to investigate an optical fibre cure sensor based 

on evanescent absorption. The sensor was designed to monitor the cure of an epoxy resin 
by tracking the change in specific absorption bands that change during the cure reaction. 
The sensor, being similar in construction to the refractive index sensor, was fabricated 

from high refractive index optical fibre (n=1.65). The silicone resin cladding was removed 
from this fibre over a length of approximately 18cm and this portion of the fibre was then 

embedded in the resin mixture to be cured. Absorption of the evanescent wave penetrating 

into the resin meant that the strength of absorptions due to specific species (e. g. the amine 

and epoxy groups) in the resin mixture could be observed and hence the concentrations of 

these species determined. This chapter details the following investigations carried out into 

the sensor: 

i) the theoretical background to the sensor; 

ii) preliminary experiments to evaluate the concept of the evanescent sensor by using it 

to sense chemicals with strong absorbances; 

iii) use of the sensor to detect amine solutions such as those used in the cure of epoxy 

resin systems; 

iv) experiments to determine whether the amine solutions bond preferentially to the 

optical fibre surface; 

v) calibration of the semiconductor lasers for use in cure monitoring system; 

vi) cure monitoring of epoxy resin systems using the evanescent absorption sensor; 

vii) a survey of the goodness of fit of several published models and a model constructed 

by the author to the evanescent sensor cure data; 

viii) comparison to other cure monitoring techniques; 

ix) sensor enhancement experiments. 
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5.2 Theory of operation 
Modelling the signal from an evanescent absorption optical fibre sensor in response to a 
concentration or refractive index change in an analyte is important in order that 

quantitative data can be obtained from the sensor. The problem is relatively simple when 
the fibre being used is either single mode or possesses only several well-defined optical 
modes. In these cases an accurate calculation of the proportion of launch power in the 

evanescent field can be made180'181 and from this an accurate prediction of the sensor 

response. An example of such a calculation can be seen in the paper by Colin et aL "'who 

consider a theoretical fibre with only two propagation modes. The effect of the length and 
diameter of the fibre on signal-to-noise ratio is calculated. However, a fibre having just two 

modes would have a core diameter of a few micrometers. This would make such a sensor 
impractical in any real application because a silica fibre of these dimensions would not be 

very robust. It is for these reasons that practically all researchers use multimode fibres for 

evanescent sensors. These have core diameters of at least 100µm and it is much easier to 

launch light into a multimode fibre since alignment of source and fibre has a larger 

tolerance than the same operation in singlemode fibres. Fibres of these dimensions possess 

hundreds, if not thousands, of propagation modes and so a different approach is required in 

calculating their sensitivity. A macroscopic approach is normally taken which considers all 

modes at once by considering the light distribution in the fibre. 

5.2.1 Models from literature 
Several approaches have been taken to the problem. Many revolve around finding an 

attenuation coefficient, y, which fits the equation 

P(L) = P(O) exp[-yL] 

- 5.1 

where L is the length of the unclad region of the fibre, P(L) the power transmitted at length 

L, P(O) the power launched into the fibre and y is the evanescent absorbance per unit 

length. This equation alone has been used to determine the rate of a chemical reaction18' by 

making time dependent. 

For absolute calculations of concentrations from evanescent sensor signals an explicit 

expression for yis needed. The derivation for an expression of y for a single ray incident at 
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an angle 0 measured normal to the fibre analyte interface is presented below. This equation 
is derived Ruddy18' and Gupta and Singh'85, the derivation proceeding as follows: 

Evanescen 
Penetration 

OT n2 

n-, r"" " 

ný 2P 
light in Core 

L 
Cladding 

Figure 5-1 propagation of light in optical fibre 

y, the attenuation due to evanescent absorption per unit length, can be written r--NT where 

N is the number of reflections per unit length of fibre and T is the transmission coefficient 

of the light on penetrating the cladding. From simple trigonometry it can be seen that for a 

fibre, core radius p, N=cot6/2p where 0 is the angle at which the light strikes the interface 

(see Section 3.1). The transmission coefficient T can be derived by considering the analyte 

refractive index to be complex i. e. n2=n2-jn2 * and using the well-known Fresnel 

coefficients for reflection at a dielectric interface. The complex refracted angle 8r can be 

calculated as ' 86 

cos8T = -jn2sin20-1 

-5.2 

Where j= V--1 and n12=n1/n2. For the weakly guided case (n1 n2), T is the same for both 

polarisations (TE and TM). This case is treated by Snyder and Love18'. For the strongly 

guided case (nl»n2 as is usual for evanescent sensors) the penetration depth of the TM 

mode varies by a factor varying from n122 at the critical angle to n212 at 9= r/2. Considering 

the TE modes (which contain the majority of energy in a fibre) 

T 
4nln2 COS O cos OT 

=2 
nCOSB+n2 COSOT 

- 5.3 

Substituting in equation - 5.1, T can be seen to be real and given by: 
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I 

4n; cos BIm(sin2 O- n21) 2 
22 

nl n2 

-5.4 

The imaginary part of (sin 2 6Ln 2 
21) 112 is 

-5.5 

using equation - 5.3 and the complex refractive index n2 - jn 2, 

aA. n2 cos8 T= 
7r(nl -n2) sin2O-n21 

-5.6 

since n*=aA/4Tr where a is the bulk absorption coefficient of the medium and A the light 

wavelength. This expression for n* comes from a solution of Maxwell's equations for a 

complex n. 1ß8 Since ANT, an expression can be obtained for y(8) 

a2n2cos e 
Y(e)= 1 

27zp(n1-n222 )sin9(sin2e-n2r)2 

-5.7 

This is the absorption coefficient for a single ray incident on the sensing region at an angle 

8 To be of real use this equation has to be summed over all rays entering the sensing 

region of the fibre, over all angles 8 The upper limit of 8 is always Tr/2 for fibre optics (i. e. 

rays travelling straight down the fibre). Using this as the upper limit to 8 the following 

expression is obtained: 

2 -1 
Y(: 'e)= 

a2n 
2 tan 

2 )zp(n, - n2 ) 

n2n2 

n; 
Vsin= 

9 n21 

cos8 
/sin2O 

sine Bý 

-5.8 
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5 The evanescent absorption sensor for tracking resin cure 

Typically, evanescent wave sensors are used to monitor the concentration of an absorbing 
substance in a non-absorbing solvent. In this case, the refractive index n2 of the absorbing 
medium effectively remains constant and the sensitivity of the sensor can be shown to be 

proportional to Ly/B 189. Also for constant n2 and 0=0 
, 

(the critical angle of the lead in 
fibre of the sensor), equation - 5.7 can be reduced to 184: 

7(2, o)= a2 
21ronl (1 + sin Oj 

- 5.9 

However, for a curing resin system, the refractive index changes throughout cure by a 

substantial amount and so the sensitivity expression retains a term which is dependent on 

n2. From - 5.7 it can be seen that the change in n2 also makes a large contribution to y. An 

increase in absorbance should be seen at all wavelengths due to the rise in n2. This can be 

used to advantage, to sense refractive index at a wavelength away from an absorption band 

(see §6.3.2) but for quantitative measurements of absorption bands this effect must be 

accounted for. When used for monitoring an epoxy cure reaction the lower limit of 8 is a 

function of the resin refractive index and hence dependent on cure time expressed as: 

9(t) = sin-1 
n2 (t) 

nl 

-5.10 

i. e. the critical angle of the sensing region at time t. This cure time dependence needs to be 

incorporated into the model. Gupta and Singh 185'189 also extend their theoretical model for 

fibres with core diameters which decrease along the length of the sensor region (i. e. 

tapered fibres) with several taper profiles (see §5.4.8) 
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The second most frequently encountered model in the literature makes allowances for the 

refractive index effect by including a term based on the numerical aperture change in the 

sensing region brought about by the refractive index change of the analyte. 

nc, 

NA� NA nco 

Figure 5-2: definition of terms for the Degrandpre and Burgess model 

Bobb et al. 190 describe the light attenuation at a non-absorbing wavelength by accounting 

for the change in numerical aperture of the core/analyte region: 

I=Io(NA2INAo 

-5.11 

where NA=(n, o-n�ß)' and NAo=(n2, o-n2, i)12 . 
Here n, 0 is the core refractive index, nil the 

fibre cladding refractive index and nm the analyte medium refractive index. I is the 

intensity transmitted by the sensor when immersed in the analyte and Io is the intensity 

transmitted when the sensor is in air. Equation - 5.11 is derived from the normalised 

frequency V, defined in section 3.1 

U2 

V=2 (n2 
- nc12 

) 

-5.12 

where n can be either nm or n, i, p is the fibre radius and A the wavelength of light in free 

space 111. In physical terms - 5.11 just accounts for the change in the number of modes the 

sensor region can support. In a multimode fibre the total number of modes a fibre can 

support is given by 

N= 
1V2 
2 

-5.13 

It does not take into account re-excitation of modes which occurs if a fibre is bent. 

Calculations do exist which take into account the modal distribution within the fibre and 
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the light propagation in a bend19', '92 However, this equation is useful for qualitatively 
predicting the response of the sensor. 

The light attenuation at an absorbing wavelength can be described by193°79 

2 

-log 
I= 

aeLc+log 
NA° 

Io NA2 

- 5.14 

where cz=rc, L is the sensor length, c is the concentration of the analyte, c is the analyte 
bulk absorbtivity and the fraction of the total light intensity contained in the evanescent 
field, r is given by13 

k k2 
Y=-= 

V 2; TpNA 

- 5.15 

Here k is a proportionality constant. The refractive index dependence of the sensor 

response appears in both the second term and also in the effective absorptivity terms in 

equation - 5.14 since r (equation - 5.15) has a dependence on refractive index. The second 

term accounts for the light lost at the sensor from guided modes being converted to 

radiated modes due to the numerical aperture change. At identical wavelengths for fibres of 

the same radius the power distribution depends on the numerical aperture of the fibre so if 

the analyte refractive index changes a change in the effective absorbtivity, %, is observed. 

The attenuation of light in the fibre increases with analyte absorbtivity, refractive index, 

wavelength, sensor length, fibre radius and bend radius 70. 

Although extremely important for an accurate calculation of the sensitivity of an 

evanescent sensor few papers which use the constant k in their theoretical discussions 

actually put forward a value for it. The most quoted value of the proportionality constant k 

has been calculated by Gloge194 from a consideration of the power distribution in a 

multimode fibre as (4'2)/3 1.89. This paper is one of the most referenced fibre optic 

papers in the literature. However, it has only a sparse treatment of multimode fibres and 

many assumptions based on the limit of weakly guiding fibres i. e. A=(n,, -nCL)/nCl«I. This 

is patently not the case for evanescent sensors since in the sensing region n, l is usually 

much smaller than no. An improved estimate of r such as that derived by Ruddy184 may 

improve the accuracy of this theory. Ruddy's expression for r is as follows: 
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r(ic / 2,8) _1 
sin-'(cos8/cosO)sin(, z/2-8c) 

- v ic/2-e 

-5.16 

It can be seen that this expression retains a dependency on the critical angle of the sensor 

region B The incorporation of this expression and the dynamic nature of refractive index 

of a curing resin form part of the study being undertaken by the author. 

The non-linear nature of the observed absorbance with sample concentration and 

pathlength is discussed by Ruddy195 This paper also contains a further evanescent 

absorbance model that is explained briefly here. 

The allowed propagation modes in an optical fibre are characterised by discrete values of 

the propagation constant ,8 or the component of the wave vector along the fibre axis. For 

light of wavelength A and wave number k=(2TZ/2), ß=n, okcosa 

When an optical fibre's cladding material is absorbing or replaced by an absorbing 

medium, the total power of a mode is reduced. The attenuation may be quantified in terms 

of an evanescent wave absorption coefficient y given by 10: 

_ 
ncl akU2 

r ßV2W 

- 5.17 

where a is the bulk attenuation coefficient of the absorbing cladding , nil is the real part of 

its refractive index, V is the normalised frequency defined in equation -3.2 and U and W 

are the Bessel function parameters for the core and cladding E-fields respectively and are 

related to V by the equationio: 

U2 +W2 = V2 

-5.18 

The magnitude of a is directly related to the bulk absorbance (the Beer-Lambert 

absorbance) of the absorbing cladding or to the product of its absorptivity and 

concentration for direct transmission through it. It is also related to the imaginary part of 

the cladding index by a=2kK cl (see equation -5.15). Equation - 5.17 is derived from is 

derived from the fractional loss in power of a wave internally reflected at an interface with 
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a medium of complex (or lossy) refractive index (n, l+i, l) using an analysis based on 
Fresnel reflections at a dielectric interface as in Ruddy's previous model. 

If the absorber is in contact with the evanescent wave over a length of fibre L then the 
mode transmittance is given by : 

T= exp(-yL) 

-5.19 

and a mode of incident power Po is reduced to a power PT is after a length L of fibre where: 

PT =Poexp 
ncjaL x2 
ncoV [(1- 

x2)(1- 2k2)] 
1/2 f 

- 5.20 

where xM/N', M being the mode index and N' its upper limit (=VN2) and d is the 

refractive index profile height given by: 

A=(n0-nl)/2nö 

-5.21 

For a multimode fibre with a large V number (and larger number of modes, see - 5.13) this 

expression can be integrated over all modes using x as a continuous variable. Converted to 

absorbance (A=-log, o(PT/Po)) this integral is expressed as follows. 

1 n2aL A= -log10 
fexp -n2 

0 niV 

x 
1 

[dx 

((i_ 
x2)(l_22))2 

-5.22 

The integral represents a summation of the fraction of power lost by all modes over a 

distance L and can be used to predict the absorbance of an evanescent sensor in an 

absorbing medium. 

The literature sources from which these models were taken make no comparison of their 

predictions with experimental data. For a proper analysis such a comparison is needed in 

order to select the model which gives the most accurate prediction of the sensor response. 

A comparison of the accuracy of these models compared to evanescent absorption data is 
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presented in sections 5.4.4 and 5.4.7. In the first of these sections the models are compared 

to sensor absorbance data from solutions of known concentration and the second from the 

sensor when embedded in a curing resin. 

5.2.2 Penetration depth model 
From a comparison of the models from the literature with experimental data it was seen 

that several gave a very poor prediction of the evanescent absorption of the optical fibre 

sensor (see section 5.4.4). Therefore, a further model was developed by the author during 

the course of the project based on the penetration depth equation. The approach taken in 

this model is as follows. 

The penetration depth of the evanescent wave, created by a totally internally reflected ray, 

from an optically dense medium into a rarer medium is given by equation 16) (section 5.1): 

d= 
At 

p 2; T(sin2 8- n212)1/2 

- 5.23 

where A is the wavelength of the incident light, B; the angle of incidence of the ray normal 

to the medium interface, n21 The ratio of the refractive indixes of the rarer medium to the 

optically denser medium. dp is the depth at which the evanescent wave reaches e' of its 

interface value and takes into account a single reflection at the interface at a specific angle 

of incidence 8;. In a fibre there are many such bounces over a range of angles between the 

critical angle and the limiting angle of glancing incidence, 90° to the interface. The number 

of reflections per unit length for a ray at an angle 0 is given by the equation: 

cot e 
N(9) = 2P 

- 5.24 

Where p is the radius of the fibre core. The penetration depth equation can be extended to 

produce an expression for the effective thickness (see section 3.3.2). This is an expression 

for the effective sampling thickness of the evanescent wave from a single reflection and is 

a measure of the strength of coupling to the sample medium. It is useful in comparing 

internal reflection spectra to transmission spectra. This can be approximated for small 

absorptions by the equation il 

88 



5 The evanescent absorption sensor for tracking resin cure 

naidPE 
2 

do 
e= 2cosO 

-5.25 
Where Ea is the incident electric field strength. 

To produce a prediction of the effective pathlength for an evanescent absorption sensor, it 
is necessary to take into account all incident angles for all rays. This was done by 
integrating the product of the number of reflections and the effective thickness over all 
angles present in the fibre i. e.: 

7r 
2 

D=Lf N(O)de(8)d9 

-5.26 

where D is the effective pathlength and 8, is the critical angle at the fibre/medium 
interface. 

The prediction of absorption at wavelength A for a sample of absorptivity a can then be 

calculated in an analogous way to transmission spectroscopy i. e.: 

A=-log 
Il= 

aD 
0 

-5.27 

This model, although relatively simple in nature was shown to give good predictions of the 

evanescent fibre absorbance (see section 5.3.4). The predictions of this model and a 

comparison with that given by those from the literature can be seen in section 5.4.7. 

5.3 Experimental procedure 
An initial set of experiments were undertaken to explore the concept of the evanescent 

sensor and to prove that it could be used as a chemical sensor. 

The experiments proceeded as follows: 

i) the detection of cuprous chloride using an LED operating at 830nm using an 

evanescent sensor. This was a proof of concept experiment to ensure that the optical 

fibre signal could be affected by an analyte in contact with its core; 
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ii) the detection of amines similar in structure to those used as resin hardeners. This was 
done first using a transmission cell and then with the evanescent sensor. 

5.3.1 Chemical detection- cuprous chloride 
Very early experiments involved the immersion of sensors in a one molar solution of 
cuprous chloride in methanol. Cuprous chloride has a broad, strong absorption centred on 
800nm. Light from a 830nm LED source was launched into the sensor and the signal from 
the sensor monitored. The sensor was moved from air, to methanol and to the 1.0 molar 
CuC12 solution. It was then returned to the methanol to be washed and finally left to dry in 

air to establish whether the process had in any way affected the guiding properties of the 
fibre. The results from these experiments can be seen in section 5.4.1. 

5.3.2 Amine sensing: transmission cell 
A fibre transmission cell was constructed and used to determine the extent of the 

absorption of the light from a laser diode at 1550nm by an amine hardener solution. 

Analyte solution A GRIN lenses 

Light in Light out 

ptical fibre 

Light cone 
Aluminium machined 
spacer 

Figure 5-3 Design offibre optic transmission cell used to determine absorption of laser light by amine solution 

A small transmission cell was set up the design of which can be seen in Figure 5-3. Five 

solutions of dibutylamine in hexane of concentration 0 (pure hexane), 0.294,0.622,1.135, 

1.737 and 2.151 mol dm-3 were made up and the transmission cell was immersed into each 

of these solutions in turn. The cell was washed in hexane and dried between each 

immersion. Finally the cell was immersed in pure hexane again, to verify that there was no 

build up of the amine on the graded index (grin) lenses which could have affected the 

signal. 

Similar experiments were performed using potential amine curing agents and solvents to 

determine whether the sensor was capable of detecting changes in concentration of these 

substances analogous to those occurring in a curing resin system. Hard clad silica fibre was 
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used for the sensor in these experiments the cladding being removed using a clean bunsen 
flame. Laser diode sources with wavelengths of 1551nm corresponding to the amine 
absorption peak centred on 1547nm were used (this absorption positioned was determined 

using FTIR spectroscopy). The experiments were performed in two ways: 

i) several amine-in-solvent solutions of known concentration were made up prior to the 

experiment starting. The sensor was immersed sequentially in each of these being 

washed thoroughly in solvent between each immersion. The sensor signal was read 
directly from the photodiode amplifier at each concentration; 

ii) the prepared sensor was immersed in a suitable solvent and the amine added 1 ml at a 
time using a burette at 1 minute intervals. The solvents used were chloroform, IPA or 
dichloromethane which were determined to have no absorptions in the spectral range 

of interest via FTIR and a lower refractive index than the fibre core to satisfy guiding 

conditions. The solvent was placed in a vessel containing a magnetic stirrer so that 

the amine was dispersed throughout the solvent upon addition. The solvent was also 

cooled in ice to minimise evaporation throughout the experiment which would alter 

the solution concentration. The laser diode sources were packaged in ST connectors 

and the light from them was launched into the fibre which had had ST connectors 

attached. The signal from the sensor was monitored throughout the addition of the 

amine. The amine/solvent concentrations were calculated afterwards to produce a 

concentration/signal plot. A schematic of the arrangement used for this experiment 

can be seen in Figure 5-4. 
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Laser diode controller 
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Figure 5-4 Experimental arrangement for amine sensing 

5.3.3 Fibre surface effects 
There was some concern that the fibre sensor itself could be modifying the behaviour of 
the solution or mixture in which it was embedded. This arose when it was noticed that the 

absorption peaks from sensors, which had been left to soak in amine solution, had become 

more intense. Several experiments were carried out to determine whether amine molecules 

were being preferentially adsorbed onto the cores of the fibres being used to fabricate the 

sensors. 

Five 200mm sensors were fabricated from hard clad silica fibre using the method described 

above. These were in each laid, in turn in a vessel containing a 50% ethylene diamine 

solution in IPA (isopropyl alcohol). The vessel was chilled and sealed to minimise solvent 

evaporation from the solution. The volume of solution was verified to be the same at the 

end of the experiment as at the beginning, eliminating the possibility that any changes in 

the absorption seen by the sensor were due to a change in concentration via evaporation of 

solvent. Ethlyene diamine was used since it has a similar chemical structure and properties 

to hexanediamine, the amine used in the majority of the cure experiments, and was readily 

soluble at room temperature in a variety of available solvents. It also possesses a similar 

primary/secondary amine absorption band centred on approximately 1545nm. Spectra were 

acquired, over the wavelength range 1450-1550nm, from the sensors using the fibre 
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monochromator at 10 minute intervals for the first five hours of immersion and at hourly 

intervals for a further 17 hours. The data were examined to determine whether there was 

any change in the absorbance seen by the sensor during the immersion time. After this time 

the sensors were removed from the amine solution and thoroughly washed in pure IPA. A 

further scan was then taken to determine whether any of the amine had become chemically 

attached to the fibre surface. 

The experiment was then repeated using 200mm sensors made from the high refractive 
index fibre. 

5.3.4 Verification of model validity 
The literature in which the models in section 5.2.1 are outlined are in general purely 

theoretical. None of the papers contain a rigorous comparison of experimental data to the 

predictions made by the models described. It was thus thought that a significant step would 

be made by comparing actual results obtained from an optical fibre evanescent absorption 

sensor, to the model predictions. This comparison consisted of two stages: 

i) immersing a sensor in a solution of amine hardener of known, varying concentration. 

The concentrations used were carefully calculated to simulate those experienced by 

the sensor during an epoxy cure cycle. This method reduced the refractive index 

effect on the sensor which has been shown to produce a large signal change. 

Although the refractive index of the solution did change with increasing 

concentration the change was several magnitudes smaller than that which occurs 

during resin cure; 

ii) data from the evanescent sensor obtained during actual resin cure were used in 

conjunction with FTIR data and Abbe refractometer data obtained from similar resin 

mixtures cured at similar isothermal temperatures with the models to produce an 

assessment of the models accuracy. 

Experiments were carried out to test the validity of the models described above. To do this 

it was necessary to establish a relationship between the evanescent absorbance and 

concentration of hexanediamine in a solution. The concentration of hexanediamine 

hardener in a stoichiometric mixture of resin and hardener can be calculated as 1.33 Mol 

dm-3. The experiments aimed to determine evanescent absorption of solutions having this 

concentration and lower to simulate those concentrations observed during cure. A vessel 
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was constructed from glass tube that would hold a known volume of solvent. The solvent 

used was chloroform as this had already been shown to have no absorptions over the 

spectral region of interest that would interfere with the absorption seen by the evanescent 

sensor. The vessel had an opening in the top into which a known volume of hexanediamine 

could be introduced using a burette. The length of fibre from which an 18cm sensor had 

been fabricated was introduced into the vessel that was then filled with solvent. A strong 
hexanediamine solution (3.3 8 mol dm 3) was introduced into the vessel 0.5 ml at a time, 

dispersed throughout the solvent using a magnetic strirrer and the amine absorption peak 

centred on 1547nm measured using the Bentham spectrometer. A solution of 
hexanediamine was used instead of the pure hardener since hexanediamine is a solid at 

room temperature. The absorption peak height was then measured and could be plotted 

against the calculated hexanediamine solution concentrations. A schematic drawing of the 

experimental setup can be seen in Figure 5-5. 

Burette Containing 
HDA solution 

fibre chu 

0 

Sensor 

Magnetic stirrer 
pea for mixing 

Vessel containing 
Chloroform 

Optical Detector 

Mechanical chopper 

Microscope Objective Tungsten lamp 
Chopper controller 

7-1 E, 

\ 

oD 
Lamp current 

° controller 
Monochromator 
containing Monochromator 
gratings and grating controller 
filters 

PC controlling 
monochromator 

P. S. D and logging spectra 

Figure 5-5 layout of arrangement used for measuring evanescent sensor response to changing hexanediamine 

concentration 

Five repeat absorption experiments were performed using the same optical fibre sensor 

each time. The fibre was thoroughly washed between runs by passing solvent through the 

apparatus. A baseline spectrum was taken before each experiment to ensure there was no 

residual hexanediamine solution on the sensor surface. 

The measurement of peak heights was taken as the difference between a baseline drawn 

between the onset and tail of the peak, defined as being at 1500 and 1570nm, and the peak 

maximum defined as being at 1529nm. This is illustrated in Figure 5-6, which shows from 

where peak height is measured. This is also the method used to measure successive 

absorption peak height obtained during the cure monitoring experiments. 
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Figure 5-6 Illustration ofpeak height calculation from raw absorption data 

It is more usual practice in the field of spectroscopy to take the peak area as a measure of 

the strength of absorption. Since the original aim of this project was to utilise single 

wavelength sources in a cure sensor, peak height was used in the processing of data in 

these experiments. This is more analogous to sampling of the absorption bands of interest 

using the monochromatic sources. The validity of this method of analysis was checked by 

comparing absorbance values calculated using the above method with those obtained using 

the established technique of baseline corrected absorbance (peak area, see Figure 5-7). 
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Figure 5- Method of calculating baseline corrected peak area from infrared spectrum 

Figure 5-8 shows the absorbance values obtained using these two methods plotted on the 

same graph. 
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Figure 5-8 Comparison between specific wavelength calculated absorbance and baseline corrected absorbance (based 
on peak area) for solutions of hexanediamine in chloroform. 

It can be seen that although the two methods are offset on the absorbance axis the two are 

comparable and that the single wavelength method compares well with the established 

quantitative method of baseline corrected absorbance. 

5.3.5 Evanescent absorption cure monitoring of resins 
Resin cure monitoring was carried out using the high index optical fibre. The epoxy 

equivalent weight of the Epikote 828 resin was determined using the ASTM standard D 

1652-90 test method B 196and found to be 187. This method entailed titrating a sample of 

the resin mixed with a tetraethylammonium bromide solution in acetic acid with a solution 

of perchloric acid in glacial acetic acid and a crystal violet indicator solution. From the 

volume of perchloric acid reagent used to titrate the specimen the weight percent of 

epoxide and the epoxy equivalent weight were calculated. The stoichiometric ratio by 

weight of resin to hardener was found to be 1 part resin to 0.155 parts hexanediamine. All 

resin samples used in the cure monitoring samples were made up to this ratio. 

Several factors had to be taken into consideration in conducting the resin cure experiments 

these being: 

i) accurate temperature control. Experiments were to be carried out at the same four 

temperatures as FTIR and DSC experiments, namely 30,40 50 and 60°C. It was thus 
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necessary to find a way of accurately controlling the resin temperature. This was done 
in one of two ways. Earlier experiments with shorter sensor lengths were conducted 

on a temperature controlled hotplate. The sensor was placed on the hotplate on a thin 

metal sheet and the resin poured on top of it contained by a dam. Monitoring with 
thermocouples placed at various positions within the resin showed that the 

temperature stability of this setup was to within ±0.3°C of the temperature controller 

setpoint. Temperature control in experiments carried out with longer sensor lengths 

was performed by threading the sensor through gently curving glass tube which, after 

addition of the resin, was sealed and partially immersed in a temperature controlled 

water bath. The temperature stability of this method was seen to be much improved at 

±0.1°C. This method also had the added advantage of ensuring the fibre had the same 

curvature and position for each experiment. 

ii) launch conditions. The evanescent absorption effect depends on the absorption of the 

evanescent wave. In a multimode fibre the higher order modes make the biggest 

contribution to the evanescent wave and so ideally these modes should be excited 

preferentially. This is explored in Section 5.4.8; "Sensor enhancement". Since only a 

short length of fibre (typically 2-3m) was to be used for each sensor the modes 

excited on launching light into the fibre should be preserved up to the sensor 

region'91. It was thus necessary to ensure that for a set of evanescent cure experiments 

the launch conditions should be identical for each sensor. Light was launched into the 

fibre using a microscope objective having a numerical aperture slightly greater than 

that of the fibre to ensure all of its guiding modes were excited. The launch conditions 

were optimised for each sensor using the micropositioners present on the output of 

the monochromator. The sensor fibre was placed into the fibre chuck before the resin 

was applied to the sensor region. The chuck was then placed at the focus of the 

monochromator launch objective, which was at the output slit of the monochromator. 

The other end of the fibre was attached to a photodetector, which was in turn 

connected electrically to the phase-sensitive detector. Light was launched into the 

fibre at 1550nm and the micropositioners were then adjusted until the signal reaching 

the phase-sensitive detector was at a maximum; 

iii) sensor construction. Great care was taken to ensure that all sensors were constructed 

from a similar length of high refractive index fibre. The fibre ends were cleaved using 

a commercial optical fibre cleaver and inspected under x10 magnification to ensure 
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that the fibre end faces were perpendicular to the fibre and there were no splinters or 

cladding residues to obscure light being launched into the fibre. 

Previous work by other researchers utilising optical fibre evanescent absorption sensing 
had shown that sensor lengths of the order of at least 10cm were needed in order to obtain 

a reasonable evanescent absorbance signal (see for example DeGrandpre and Burgessloo 

Several sensor lengths were tried in this investigation, during preliminary experiments, 

ranging from 2 to 25cm. Short sensor lengths were tried since for an in-situ technique 

desirable to try and localise the sensing area to obtain better spatial information. Sensor 

lengths of smaller than 10cm were observed to produce little evanescent signal. A sensor 

length of 18cm was found to produce a good evanescent signal and was of a length 

compatible with the scale of the experimental apparatus and volumes of resin being used. 

Data were obtained using the evanescent sensor at four isothermal temperatures; 30,40,50 

and 60°C, ten repeat experiments being performed at each temperature. The sensor was 

fabricated from high index fibre (core index 1.65, core radius 60µm and sensor stripped 

length 180mm). Isothermal temperature was maintained using a water bath into which a 

sealed vessel containing the resin and sensor was immersed. This kept the temperature 

constant to ±0.5°C throughout the cure period. 
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Figure 5-9 Schematic diagram of experimental setup for monitoring of resin cure 

This minimised temperature fluctuations throughout the time frame of the experiments. A 

schematic diagram of the experimental setup can be seen in Figure 5-9. 

Spectral scans were made in the wavelength region 1470-1590nm to cover the amine 

hardener absorption band. The transmission spectra were converted to absorption spectra 

by ratioing to a baseline taken before the sensor was immersed in the resin using the 

standard spectroscopic equation for absorbance: 
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A=I° log - 

-5.28 

Where Io is the measured transmission intensity, at a specific wavelength, in air and I the 

measured intensity in the resin at time t. 

5.3.6 Sensor enhancement 
The absorption signal seen with the evanescent sensor during preliminary experiments was 

small compared to the background. For this reason an investigation was carried out to 

determine whether it was possible to enhance the sensitivity of the optical fibre sensor by 

making modifications to its geometry an the geometry of the launch conditions. Sensor 

enhancement is discussed in the literature review, in section 3.3.3.2. and, following the 

ideas put forward by a number of the papers in this section, several geometry modifications 

were tried. 

The modifications investigated were: 

i) numerical aperture of the launch optics; 

ii) masking of the launch optics to preferentially launch higher order propagation modes; 

iii) profiling of the sensing region of the fibre. 

5.3.6.1 Numerical aperture 
The standard ATR penetration depth equation predicts a greater penetration depth of the 

evanescent wave at angles close to the critical angle of the fibre. This would result in an 

increased sensitivity to an absorbing cladding. An experiment was carried out to determine 

whether this effect could be observed with the optical fibre evanescent sensor. The critical 

angle of an optical fibre is directly related to its numerical aperture since the numerical 

aperture is equal to the sine of the acceptance angle of the fibre. The high refractive index 

fibre has a numerical aperture of 1(1.652-1.412)=0.86 corresponding to an internal critical 

angle of 58.7°. Launching light at with launch optics having a numerical aperture smaller 

than this will result in the light at the sensor interface being incident at angles smaller than 

the critical angle. 

A sensor was fabricated from a 150cm length of high refractive index optical fibre from 

which the silicone cladding had been removed over 10cm to create a sensing region. The 
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sensing region was immersed into a solution of ethylenediamine in isopropyl alcohol made 
up to a ratio of 1: 1 by volume. The launch end of the sensing fibre was connected to the 
fibre monochromator and the output end to the detector as for the cure experiments. 
Wavelength scans were made over the spectral range 1500-1600nm with each of three 
launch microscope objectives in turn. The launch objectives had the following numerical 
apertures: 

i) 0.9, overfilling the fibre and ensuring that all propagation modes were excited; 

ii) 0.8, slightly under-filling the fibre and making the maximum angle of incidence 

53.1°; 

iii) 0.7, maximum launch angle 44.4°; 

iv) 0.4, maximum launch angle 23.5°; 

v) 0.2, maximum launch angle 11.5°. 

5.3.6.2 Masking of objectives 
In a paper by Ruddy et al. 60 an annular mask is used to "filter spatially" the light launched 

into a fibre to those modes having "substantial power in their evanescent field in the unclad 

region". The mask is said to remove the lower order modes that make little or no 

contribution to the power in the evanescent field. However, there is no comparison in this 

paper between a sensor using launch geometry utilising a mask and one without to provide 

a quantitative measure of the enhancement afforded by such a mask. 

Experiments were conducted into whether masks of this type could increase the sensitivity 

of the evanescent absorption sensor described here. A fibre sensor was fabricated as 

before, the sensor region immersed in a 1: 1 by volume solution of ethlyenediamine and 

iso-propyl alcohol and the ends connected between the monochromator and a detector. The 

diameter of the entrance to the launch objectives was measured as 12mm. Masks were 

fabricated from 10mm diameter circles of 50µm acetate film. A spectrum of the laminate 

film was taken before commencing to ensure the film itself had no absorptions in the 1500- 

1600nm range. The spectrum showed a region free of absorptions between 1400 and 

1620nm. 

A standard computer drawing package was used to draw black circles of 2,3,4,5 and 

6mm in diameter. These were printed onto the acetate film with a laser printer and when 
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cut out created 12mm masks with central opaque areas of the above diameters. These 

masks were placed in turn into the open end of 0.9 numerical aperture launch objective in 

turn and a wavelength scan recorded between 1500 and 1600nm. The scans were then 
compared. A schematic of the experimental arrangement can be seen in 

Figure 5-10. 
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Figure 5-10 Experimental arrangement for masking experiments 

5.3.6.3 Tapering of the sensing region. 
Another method of evanescent absorption sensor enhancement which has been suggested 

in the literature is the tapering of the sensing region 65,65,94 The basic idea behind tapering is 

that if the sensing region is gently tapered then light propagating in the tapered region 

strikes the core/analyte interface at an angle greater or closer to the critical angle of the 

fibre. This results in some loss of the higher order modes which are radiated from the 

tapered region as they strike it at greater than the critical angle. It also results in an 

increased penetration into the analyte of the evanescent wave belonging to the lower order 

modes. These would normally contribute little to the energy of the evanescent wave. An 

illustration of this can be seen in Figure 5-11. 
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Figure 5-11 Diagram showing the effect of tapering on the angle of incidence of propagating light with the core/analyte interface (longitudinal dimensions greatly reduced for clarity). 

A mathematical treatment of the theory of tapered evanescent sensors can be found in the 
paper by Gupta and Singh 95 

. 

A fibre sensor was fabricated as before with 10cm of stripped silicone cladding. 
Commercially available tapered fibres are normally profiled at the drawing stage. These 

tapered fibres are expensive however and were not available fabricated from high 

refractive index fibre. It was therefore necessary to attempt profiling of the sensing region 
of the sensors in the lab. To perform this a BIT programmable fusion splicer was used. 

A fusion splicer joins or "splices" the ends of two optical fibres together to form a single 
fibre. This is done by means of an electrical arc that locally heats two aligned fibre ends to 

a point where the ends become softened. The fibre ends are then pressed or "stuffed" 

together whereupon the softened fibre ends fuse. The programmable nature of the BIT 

BFS-60 fusion splicer gave control over the arc current, and the movement distances of the 

fibres during the fusion process. This meant that by putting the stripped region of a sensing 

fibre into the splicer it could be made to melt a short portion of the fibre and then apply 

tension to this region producing a taper. 

Some preliminary tests were performed on silica fibre and it was found to be possible to 

produce repeatable tapers, 5-7mm in length. The fibre core was reduced to half of its 

unstretched diameter at the centre of these tapers. Applying the same technique to the high 

index fibre was found to be problematic. The glass from which this fibre was made had a 

much lower melting point than that of standard silica making it much more liable to 

degradation and disintegration in the splicer arc. After many tests it was found that with the 

lowest current setting (20mA) on the splicer and a drawing rate of 0.5mm min' it was 
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possible to produce 3mm profiles in the fibre. Several sensors were prepared. The first had 

a single 3mm profile, the second had three 3mm profiles. A single sensor with a 7mm 

profile in its sensing region was also produced. The sensors thus prepared were immersed 

in a solution of ethlyenediamine made to a ration of 1: 1 by volume. The ends of the 

sensing fibre were then connected between the monochromator and detector and, as in the 

previous experiments, scans made between 1490 and 1600nm. 
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5.4 Results and discussion 
5.4.1 Chemical sensing-proof of concept 
The initial experiments aimed to investigate whether an evanescent absorption effect could 
be observed using the available equipment. The first set of experiments used an LED 
emitting with a centre wavelength of 830nm and a copper chloride solution which had a 
broad absorption covering this region. The experiments were performed as described 

above, an evanescent sensor being transferred from air to methanol to a solution of cuprous 
chloride in methanol and back, with the sensor output being continuously monitored. 
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Figure 5-12 Outputfrom evanescent sensor, operating at 830nm in 1.0 molar cuprous chloride solution in IPA 

A typical sensor signal can be seen in Figure 5-12. The signal shows a clear decrease when 

placed in the methanol, this is because of the difference in refractive index and air. Air 

having a lower refractive index than the methanol actually provides a better cladding and 

so guiding is stronger. There is another clear decrease on immersion in CuC12 and this is 

due to the absorption of the evanescent wave. Upon removal from the solution the 

concentration of CuC12 increases greatly as the solvent evaporates and this can be seen as 

the negative going "spike" on the figure. Figure 5-13 illustrates this. This is a graph of the 

difference in signal between pure solvent and solutions of various concentrations obtained 

from immersing the sensor in them, plotted against the concentration. 
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Figure 5-13 Change in sensor signal with increasing concentration of amine in IPA 

There can seen to be a clear decrease in signal, i. e. an absorption increase, with increasing 

concentration. It was expected that the increase would be linear, consistent with Beer's 
law. However, since the length of sensor was very short for these experiments (2mm) it 

was thought the apparent non-linearity could have been due to the lack of sensitivity and 
low signal-to-noise ratio at the low solution concentrations. The results obtained using 

cuprous chloride gave sufficient confidence in the technique to proceed onto the detection 

of the amine hardeners used in epoxy resin systems. The results from these experiments 

can be seen in the following section. 

5.4.2 Amine sensing 
A transmission cell with a pathlength of 3.5mm was used to see if the light emitted by a 

1550nm laser was of a wavelength sufficiently close to that at which the amine absorption 

band occurred to be absorbed. The cell was immersed in solutions of amine of various 

concentrations and the light transmitted by the optical fibre measured. 

The signal was seen to decrease with increasing concentration of amine and this can be 

seen in Figure 5-14. This is a plot of the signals, converted to absorbances, in the standard 

way (using A=log Io/I where Io is the baseline intensity and I the signal in a given solution). 
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Figure 5-14 Absorbance vs concentration for open path transmission experiment 

The absorbances can be seen to be increasing in a linear fashion as predicted by Beer's law 

with a sensitivity (obtained by using the least squares fit to the data) of 0.181 absorbance 

units mol-'dm 3. 

The experiment was repeated using solutions of dibutylamine made to the same 

concentrations but substituting the transmission cell for an evanescent sensor of length 2cm 

constructed from 200/230 hard clad silica fibre. 

106 



5 The evanescent absorption sensor for tracking resin cure 

0.10 

0.08 

0.06 
c 
0 
a 
0 a 
Q 

0.04 

0.02 

y= +0.0242x' -9.63E-5, max dev: 0.0185, r2=0.908 
ii 
-------------------------- 

V 
+ 

+ 

01234 

Dibutyl-amine conc. in hexane (mol dma) 
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This brief experiment is summarised in Table 5-1 

Transmission cell sensor Evanescent wave sensor 

Pathlength (stripped length) mm 3.5 20 

Absorbance per mol dm3 0.181 0.0116 

Absorbance (mol dm)-icm' 0.517 0.0058 

Table 5-1 Summary of amine detection experiment 

The main points to be drawn from these results were: 

i) the 1550nm lasers were of a wavelength which was sufficiently strongly absorbed by 

the primary/secondary amine peak centered on 1547nm to allow a moderate 

concentration change to be detected; 

ii) the sensitivity of the evanescent absorbance sensor was smaller by approximately two 

orders of magnitude to the change in amine concentration used in these experiments; 

Further experiments were performed using the apparatus shown in Figure 5-4 in an effort 

to obtain a more accurate relationship between amine concentration and the observed 

evanescent absorbance over a wider range of concentrations. 
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Figure 5-16 Sensor output vs time for evanescent sensor addition of dibutylamine to chloroform 

A typical signal is seen in Figure 5-16. The "spikes" in this curve correspond to the 

addition of an additional millilitre of amine to the chloroform present in the vessel. The 

spike decays to a steady value of absorbance as the amine becomes mixed into the solvent 

with the magnetic stirrer. Interestingly the signal was seen to increase by 25% with 
increasing concentration of amine over this range of concentration. This was opposed to 

what was expected and also to the results obtained using discrete solutions where an 
increase in absorption was seen with increasing concentration. It took a while before it was 

realised that since the solutions used in this experiment were of a greater concentration 

than in the previous experiments, there would be a significant change in the refractive 

index of the solution as increasing amounts of amine were added to the solution. This, in 

changing the guiding properties of the sensing region, could be responsible for the 

unexpected signal change. To confirm this the refractive index of the solution as the 

concentration increased was calculated from the proportions of solvent and amine present. 

The solutions refractive index was calculated to vary from 1.446 (the refractive index of 

chloroform) to 1.4434. These refractive index values were substituted into a simple 

geometrical optics model predicting the signal change due to a refractive index change in a 

medium surrounding an optical fibre core of refractive index 1.458. This model is outlined 

in detail in Chapter 6; (Optical Fibre sensor for Refractive index cure monitoring eq" - 6.8 ) 
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and is based on the numerical aperture change of the sensing region with changing 
cladding index. 
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Figure 5-17 Comparison of model and sensor data made fr om data in Figure 5-16 

A comparison of the prediction made by the model and the signal change seen can be seen 
in Figure 5-17. The agreement can be seen to be sufficiently close to confirm the signal 

change was due, at least in part, to the refractive index change of the amine solution. The 

response of the sensor to as refractive index change was utilised as an alternative method 

of cure monitoring and the experiments performed to investigate this can be seen in chapter 

6. 

5.4.3 Fibre surface effects 
Experiments were conducted to determine whether amine molecules were being 

preferentially adsorbed onto the cores of the fibres being used to fabricate the sensors. The 

experimental procedure is detailed in section 5.3.3. 

Figure 5-18 is an example of the spectra seen by a hard clad silica fibre sensor over a 

period of 20 hours. 
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Figure 5-18 Increase in amine absorption peak depth with exposure time to amine solution (hard clad silica fibre) 

It can be seen that over this time that the amount of light absorbed by the amine increases 

steadily. After twenty hours of exposure the absorption can be seen to be more than 21/2 

times deeper than after six hours exposure. The absorption of final curve was also 

approximately twice as strong as those seen previously using the hard clad silica fibre 

sensor. The first, flattest curve on this figure was taken after 10 minutes. Between this time 

and five hours there was a small increase in absorption between scans However, these 

scans have been omitted from the plot for the sake of clarity. This set of results suggested 

that there was some reaction occurring at the fibre/solution interface. 

Figure 5-19 shows the spectrum obtained from the same sensor used to obtain the data 

above. This sensor was rinsed thoroughly in IPA following the acquisition of the data in 

Figure 5-19 and then immersed in a bath of this solvent for 24 hours. Following this the 

sensor was dried and a further scan made. 
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Figure 5-19 Signal obtained from same sensor used for data in Figure 5-19 after soaking in IPA for 24 hours 

It can be seen that even after this thorough cleaning process the sensor could still see a 

strong amine absorption. This effect was seen in the case of all five fibre sensors with 

which the experiment was performed. This suggests that amine had indeed in some way 

become adsorbed onto the surface of the hard clad silica fibre. It was thought that possibly 

a fibre "sensitised" in this way may have been useful as a sensor in itself It was thought 

that if a fibre which had been soaked in amine was embedded in a resin/hardener mixture 

or composite pre-preg which was then cured, the surface-adsorbed amine might be 

consumed in the cure reaction. The depletion of this amine could then be monitored since 

the initial absorption seen by these sensors was stronger than those seen previously the 

signal-to-noise ratio and hence the sensitivity would be improved. 

The experiment was repeated with the high refractive index fibre using an identical 

method. The data obtained from a single repeat of this experiment can be seen in Figure 5- 

20. 

;'1 

---- Washed fibre in air 

------------------ 

111 



5 The evanescent absorption sensor for tracking resin cure 

12 

10 

s E 

ß 
C rn 

8 

ttt 
tt 

tý 
1 týtt 

i tt 
tt 

i tt+t 
1 

t tttý. ý 

2 hours 

o- ---05 hours 
v- - -v 10 hours 
"- --" 15 hours 
 - -- 20 hours 

++ trace from fibre in IPA 
++++ a er soaking operation. 

4° +++++ 

6- 
1500 1520 1540 1560 1580 

Wavlength (nm) 

1600 

Figure 5-20 Change in amine sensitivity of high refractive index ews with soaking in amine solution. 

It can be seen that there is very little change in the absorption band over the time where 
each fibre was immersed in the amine solution (twenty hours shown on this graph). Again 

the fibres were washed after the immersion process and a spectrum taken in air. The 

uppermost curve in Figure 5-20 shows this trace and it can be seen that there is no residual 

effect from the amine soaking. 

These experiments showed that although the amine hardener being used in the 

investigations was in some way adsorbed onto the core surface of a standard silica optical 
fibre this was not the case for the high refractive index fibre and so this fibre was suitable 
for the cure monitoring of resin systems using such hardeners. 

5.4.4 Verification of validity of evanescent absorbance models 
Experiments to compare the predictions of models from the literature and an original 

model were performed. An 18cm sensor was immersed in chloroform and known 

quantities of a hexanediamine solution were introduced. The evanescent absorption 

spectrum at each concentration was recorded and compared to the absorbance predicted by 

the models at the same concentration. The experimental method is described in section 

5.3.4 

An example data set obtained from the Bentham spectrometer setup can be seen in Figure 

5-21 for increasing concentrations of hexanediamine in chloroform. 
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Figure 5-21 Evanescent absorbance data. hexanediamine in CHC14 

1570 

This figure demonstrates the increasing absorption peak height with increase in amine 

concentration. It can also be seen that the absorption baseline remains relatively constant 

(i. e. there is little baseline effect due to refractive index change of the solution). The peak 

height from five repeats of the experiment was measured using the single wavelength 

method outlined above and using a centre wavelength of 1529nm. The peaks heights 

plotted against solution concentration can be seen in Figure 5-22. 

%ý 7 
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Figure 5-22 plot of absorbance peak height vs solution concentration of hexanediamine in CHC14 (five repeats) 

Also plotted on this graph is the mean value of all the datasets. There can be seen to be a 

reasonable level of repeatability in these data. The maximum standard deviation was 

calculated as being 0.008 absorbance units and the maximum error on the mean value 

0.004 units. 

To compare these data with the models from the literature and also the author's penetration 

depth model, the model equations were entered as worksheets into the Mathcad 

mathematical program. The values for the optical fibre properties, the solution refractive 

indices and the solution concentrations were incorporated into the worksheets and the 

resulting model predictions plotted alongside the experimental data. The Mathcad 

worksheets used in these calculations are reproduced in Appendix 2. 
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Figure 5-23 Experimental evanescent absorbance data compared to several models from the literature and also author's 
penetration depth model. nc0=1.65, nc1=1.41, nmed=1.446, a=146.37 

These value of the constants put into these models were as follows. The core index 

n, 0=1.65, cladding index, ncl =1.41, the medium index nmed =1.446 and the absorptivity 

coefficient of the amine, a=146.37mo1 dm 3m 1. a was calculated from FTIR spectra 

collected from a 1.22mol dm-3 solution of hexanediamine in chloroform. The solution was 

placed in a 2mm cuvette and three spectra taken. A spectra of the empty cuvette was used 

as the baseline. The mean absorbance peak height from these three spectra was calculated 

at 1529nm (=6539cm 1) as 0.357. Since absorbance is the product of the absorptivity 

coefficient of a solution, its concentration and the pathlength the absorbtivity coefficient of 

hexanediamine could be calculated as the above value. 

The following points can be made about how well these models fit to the experimental 

data. 

All model predictions can be seen to be essentially linear in nature. The only prediction 

showing a deviation from this is the most recent model by Ruddy. The predicted rate of 

change of Absorbance with concentration can be seen to decrease with increasing 

concentration. 
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Two fits of Degrandpre and Burgess' model have been included in Figure 5-23. The first 
uses the value of r, the proportion of power in the evanescent wave calculated by Gloge13. 
The second uses the value calculated by Ruddy in his "effective attenuation coefficient" 

184 
paper 

The prediction made using Gloge's r valus can be seen to be a very poor fit to the 
experimental data. This has been attributed to the simple nature of the model overall and 
the approximations made in Gloge's r estimate. This takes no account of the angular 
distribution of light in the fibre and assumes that there each propagation mode contributes 
an equal amount to the power in the fibre. 

Ruddy's r (equation- 5.16) produces a slightly more accurate prediction. This value of r is 
derived from a triple polar integration of an electric field at the core surface of the form: 

E(r, 9) = Eo exp - 2(r P) 
dp 

-5.29 

where dp is, as before, the penetration depth at an incident angle 6 and p is the radius of the 
fibre. Ruddy states that for plastic clad silica fibre "r has a maximum at the critical angle" 
with a value "approximately 17% lower than Gloge" He attributes this discrepancy to the 

analysis being based on TE modes which penetrate less deeply than TM modes. In both 

cases it can be seen the Degrandpre and Burgess model shows unacceptable deviation from 

the experimental data. 

The use of Ruddy's effective attenuation coefficient 184 produces a prediction which is 

closer still to the experimental data (to within 20% worst case deviation). This model is a 

well thought out and rigorous treatment of the fibre problem, However, the paper contains 

a few errors, not least in the penetration depth equation. The final equation (- 5.8) for the 

attenuation coefficient is based around the approximation for small absorption and equal 

power in each ray reaching the sensing region. 

The more recent Ruddy model from reference 195 matches the experimental data to within 

5-10% at lower concentrations and 15% as the concentration increases. The use of this 

model is simplified in that it predicts a value for transmittance which can easily be 

converted to absorbance since A=-logT Ruddy states in this paper that step index fibre 

waveguides obey a Beer-Lambert type law only for low concentration values unless the 
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fibre mode volume is completely filled in the sensor region. Since the numerical aperture 
of the sensor region with the sensor used in these experiments is smaller than that of the 
lead-in region (0.795 compared to 0.857) this condition should be fulfilled which is a 
possible reason for the departure of the model from the experimental data at higher 

concentrations. 

The author's penetration depth model appears to fit the experimental data very well over 
the amine concentrations seen in a curing mixture of Epikote 828 and hexanediamine. The 

prediction is closer at the higher end of the concentration range than at lower 

concentrations. This could be due to the accuracy of measurements of the peak height of 
the experimental data at lower concentrations because the uncertainty of these 

measurements (of small absorptions) has a greater uncertainty than those at higher 

concentrations. 

Of course the cure monitoring of a curing epoxy introduces and additional level of 

complexity into the modelling of the evanescent sensor signal. The absorption experiments 
described in this section were conducted using a solution of amine hardener the refractive 

index of which remains relatively constant. A curing resin increases its refractive index 

substantially as cure progresses and so this must be taken into account in the signal model. 

The sensor response to hardener concentration and refractive index has been represented as 

a three dimensional surface, the x and y axes being the concentration and refractive index 

of the resin respectively and the z-axis the absorbance seen by the sensor. During the cure 

of a resin system the absorbance will follow a locus traversing this surface. This surface 

can be termed a cure surface and an example of such is seen below in Figure 5-24 

calculated from Ruddy's model 184. Superimposed on the cure surface is a typical actual 

cure profile measured at 50°C which describes a locus across the cure surface. Such a 

surface could be useful for predicting sensor response at a given refractive index and 

concentration of hardener. 
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Figure 5-24 "Cure surface " showing predicted absorbance for a range of resin refractive index and amine 
concentration. Typical cure profile for 828 resin and hexanediamine shown superimposed. Demonstrates dependence on 

refractive index and solution concentration 

With a sufficiently accurate model, absorbance measurements made using the sensor could 
be applied to such a surface and since each absorbance value has a unique corresponding 

value of refractive index and amine concentration absolute values of these could be 

obtained. This would give an excellent indication of the cure state of the resin. The cure 

surface could also be constructed using an empirical model obtained by calibrating the 

sensor response in terms of analytes of known refractive index and concentration. A 

surface constructed in this way would be of a similar value in predicting the cure state of a 

resin system containing a cure sensor. 

5.4.5 Cure monitoring using evanescent cure sensor 
Evanescent sensors were embedded into curing stoichiometric mixtures of Epikote 828 and 

Hexanediamine at isothermal temperatures of 30,40,50 and 60°C. The spectral region 

from 1470-1590 nm was monitored throughout the cure of the resin. This allowed the 

depletion of the amine absorbance to be monitored as cure progressed. This gave 

information about the state of cure of the resin system. The experimental layout used for 

these experiments can be seen in section 5.3.5. 

An example dataset from a single cure run at 50°C, converted to absorbance can be seen in 

Figure 5-25. 
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Figure 5-25 Example evanescent sensor data during the first 8 minutes of cure converted to absorbance by ratioing to 
background taken in air. 

The two main features of these data are a rising baseline between traces and the hardener 

absorption band in each trace which can be seen to decrease in magnitude, as cure time 

increases. 

The rising baseline is due to the refractive index change that occurs in the resin during the 

cross-linking process. This is the component of the overall absorption described by the 

second term in equation - 5.14. It can be seen that this effect is several times larger in 

magnitude than the signal change due to the absorption of the hardener. For comparison of 

the sensor absorption data to the absorption predicted by the above models it was necessary 

to measure the absorption peak heights. The above equations all predict the absorption 

depth at a specific wavelength. Thus, the peak heights were used rather than the peak areas 

which is the more conventional method used in spectroscopy. The use of peak heights is 

also more analogous to using a single wavelength telecommunications source to sample the 

depth of absorption which was the ultimate aim of the project. A program was written as a 

Microsoft Excel macro to perform the batch processing of all spectra to obtain the peak 

height from each curve and listing of this can be seen in Appendix 1. Figure 5-26, Figure 

5-27, Figure 5-28 and Figure 5-29 show the peak height data for each of 5 representative 

repeats conducted at the four temperatures. 
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The first thing to be said about these data is that the repeatability is extremely poor. This is 
despite the efforts made, which have already been discussed, to isolate possible sources of 
variation between cure runs. The variation in the signals at the beginning of the cure cycles 
is due to differences in the measured absorbance. Towards the end of the cure time the 
scatter is of a more random nature and this can be attributed to the signal-to-noise ratio on 
the absorption peak measurement decreasing as the peak height approaches zero. The 

spread of these datasets must mainly be attributable to small variations in parameters such 
as the launch conditions, fibre curvature, fibre position, sensor length and the clad/unclad 
transition region. Even tiny variations in any of these factors will affect the amount of 
energy in the evanescent wave, in turn affecting the observed absorption depth. 

It was found that an improved comparison between the traces can be made and an idea of 
the repeatability of the experiment can be obtained if the peak height data is normalised. 
This is done by dividing each curve on the graphs by their initial value in a similar way to 

the calculation of percentage conversion, a, is calculated from FTIR absorbance data. The 

normalisation of the data takes into account the variations in the optical fibre sensor start 

signal due to slight differences in fibre configuration and losses at the fibre splices. The 

normalised data can be seen in Figure 5-30, Figure 5-31, Figure 5-32 and Figure 5-33. 
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The repeatability of the normalised curves can be seen to be generally poor for the data 

taken from cure runs at 30 and 40°C. In contrast the 50 and 60°C data have a much better 

level of repeatability, all results agreeing to within 10%. The superiority of the data at 

these temperatures can be attributed to the mobility of the resin system which is greater at 

these temperatures. Because of this the resin wets the sensor surface better at these 

temperatures and the sensor signal is much improved. Also with increase mobility the resin 

is better mixed and so variability between cure runs will be less. Table 5-2 is a list of the 

times at which important cure features appear on the evanescent cure data. This 

information was obtained by fitting a fifth order polynomial to all the cure data. The 

expected acceleration of the cure rates with increasing temperature can be seen from the 

table. 
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Temperature Cure onset time Cure termination time Peak cure rate time 
(`C) (mins) (mins) (mins) 

30 10 150 60 

40 1 115 26 

50 0.5 53 18 

60 0.3 33 11 

Table 5-2 Times of cure features taken from evanescent cure data 

In addition to the resin mobility reason the spread between the experimental results can be 

attributed to the following factors: 

i) variation in fibre configuration; although every effort was made to arrange the fibre in 

a similar manner at every experiment there were inevitably slight variations in the 

path the fibre took. This would not have been referenced out by the referencing 

method used to account for source drift and so may have appeared as a signal change 
in the output of the sensor; 

ii) uncertainty in the properties of the transition region between stripped and unstripped 

regions of the fibre. The chemical stripping process leaves a small length of damaged 

cladding (; z: ý 1 mm) which could affect the sensor signal; 

iii) other potential reasons include possible moisture contamination of the reactants, 

differing actual resin temperatures and inadequate mixing of reactants and/or slight 

differences in the starting stoichiometry of the epoxy amine mixture. 

A similar variation between results was seen with the refractive index sensor (section 

6.3.2) although not to the same degree and many of the same factors are thought to be 

responsible. 

The referencing of the light source intensity was attempted by inserting a fibre y-coupler to 

create a reference arm connected directly to a photodiode (see section 6.3.2). It was hoped 

that this would enable any fluctuation in the source intensity to be monitored enabling 

them to referenced out from the final signal. However, the introduction of the y-coupler 

reduced the light reaching the sensor making the sensor signal unusable. This meant that 

any changes in source intensity could not be accounted for in these data. 
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The data could be improved by referencing to an internal standard refererence peak such as 
the C-H peak at 1647nm. Since this peak is invariant during cure it could be used to 
remove any fluctuations in peak intensity due to factors not related to the cure process. 
Restrictions in the wavelength range of the fibre monochromator prevented this. 
Improved data could also be obtained by use of the epoxy peak at 2207nm (Figure 4.8 and 
Table 4.1) since this is a much stronger band and would give an improved signal in relation 
to the refractive index change. This again was prevented by source and detector 

wavelength restrictions but the technique would increase in its usefulness if this higher 

wavelength were to be used. 

In summary, from the above discussion the requirements for improved data collection from 
this technique are as follows: 

i) faster acquisition of spectra, at the moment each wavelength scan take approximately 
70 seconds due to the scanning speed of the grating monochromator. This limits the 

number of data points which can be obtained during a cure cycle. An in-situ cure 
monitoring system will require data processing in real time and to perform this will 

also require a faster sampling rate; 

ii) an extended wavelength range to allow referencing of the hardener absorption band 

to a cure invariant band (such as the 1647nm C-H band) and the possibility of using 

the stronger epoxy band at 2207nm for improved signal. 

At the time of writing solid state grating spectrometers are just reaching the market which 

are capable of operating in the near-IR. It is thought that these could be ideal candidates for 

this application since they allow fast, reasonable high resolution acquisition of spectra over 

a wide wavelength range. It is also anticipated that, as laser diode technology develops, a 

wider range of wavelengths will become available as well as tuneable sources (which are 

also just reaching the market at telecommunication wavelengths) which will enable the 

technique to be developed to be more in line with the original project proposal, i. e. single 

wavelengths being used to monitor individual absorptions. 

5.4.6 Comparison of evanescent and other cure monitoring techniques 

To determine whether the evanescent absorption cure sensor results were in any way valid 

the results obtained using this sensor were compared with those obtained using the Abbe 

126 



5 The evanescent absorption sensor for tracking resin cure 

refractometer, the refractive index sensor (Chapter 6) and FTIR data obtained by the 
author's co-researcher. 
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four different temperatures 

Figure 5-34 shows the values of a calculated from the evanescent sensor data. These data 

were obtained by fitting a fifth order curve to the normalised peak height data shown in the 

previous section. These data was then converted to an extent of cure measure using the 

equation: 

(height,, e@1529nm 
)time=t 

a -1- (heightamine@1529 nm )time=0 

-5.30 

where height.,, jne@15291=is the height of the amine absorbance at 1529nm. 
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Figure 5-35 represents data for a this time calculated from FTIR transmission 

spectroscopy measurements made during the cure of Epikote 828 and hexanediamine. 

These curves were obtained from the ratio of the epoxy peak area at 2.2µm against the C-H 

peak converted to alpha values using equation - 6.10 in section 6.4. The following 

comparisons can be drawn: 

i) the evanescent data on the whole give a higher value for extent of cure over the FTIR 

data. This can be attributed to the decrease in sensitivity of the evanescent sensor at 
high degrees of cure when the concentration of amine hardener is low; 

ii) the evanescent data also show the time to completion of cure as being smaller than the 

FTIR data does. Again this is probably due to the smaller sensitivity of the evanescent 

sensor as the amine concentration decreases, compared to FTIR transmission 

spectroscopy which is an extremely sensitive technique. 

Figure 5-36 shows the values of alpha from the two techniques, at all four temperatures, 

plotted against each other. 
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Figure 5-36 Degree of cure calculated from evanescent data plotted against epoxy conversion calculated from FTIR data 

It can be seen that the relationship between the two techniques is ostensibly linear except at 
the higher degrees of cure when the sensitivity of the evanescent technique is low (above 

(Y-evanescent-0.9). The 40°C data show the greatest deviation from a linear relationship and 

this can be attributed to this dataset showing the greatest degree of spread between 

experimental repeats. The relationship between the FTIR data and the evanescent cure data 

was established by fitting by least squares a line to data between aevanescent =0 and 0.9. The 

fits are summarised in Table 5-3 

Isothermal cure temperature 
(°C) 

Line fit equation Maximum deviation and 
goodness of fit (r2) 

30 aFTIR = +0.790 OGevanescent -0.0162 max dev=0.0314, r2=0.998 

40 IXFTIR = +0.970 ocevanescent -0.134 max dev: 0.0650, r2=0.994 

50 XFTIR = +0.842 0 evanescent -0.0628 max dev: 0.0205, r2=0.999 

60 oc, FTIR = +0.847 ° evanescent -0.0782 max dev: 0.0809, r2=0.994 

Table 5-3 Summary of relationship between extents of cure deduced from FTIR and evanescent data 

The fits show that there can be considered to be a linear relationship between the extents of 

cure derived from the evanescent and FTIR data. This relationship holds up to an (Y-evanescent 

of -, 0.9 where the amine peak becomes too weak to be detected against the background. 
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5.4.7 Fitting of evanescent models to cure data. 
The literature describing the cure models, discussed in section 5.2, do not contain any 
comparison of their predictions with actual experimental data obtained using an evanescent 
sensor. Extensive literature searching has not shown any subsequent literature assessing the 

validity of these evanescent sensor models. A comparison of this kind could, therefore, be 

seen as a useful contribution to the field of evanescent sensing. To obtain an indication of 
the accuracy of the models evanescent absorption data obtained using the sensor was 
compared to predictions made using these models. 

The cure models were used together with cure data obtained from FTIR spectroscopy and 
Abbe refractive index to predict the magnitude of the absorption seen with the evanescent 

sensor embedded in a curing resin. The models above all require that the refractive index 

and the absorbance of the medium in which the evanescent sensor be known at the 

wavelength of interest. This is trivial for the FTIR spectroscopic data, however, since the 

Abbe data are measured at a wavelength of 589.3nm it was necessary to in some way find 

the refractive index values in the NIR. After searching the literature available it became 

apparent that this information was not widely available for Epikote 828 so a method of 

measuring the refractive index or calculating it from the nD values was needed. 

Several novel methods for measuring the refractive index in the NIR were tried together 

with a way of doing this using the Cauchy equation. Cooper's paper19' on the refractive 

index measurement of epoxy resins in the spectral region 500-1500nm shows that an 

epoxy's refractive index varies smoothly over this range. This experimentalist uses a 

Cauchy formula of the form: 

n=A+B+C 2I 

-5.31 

to extrapolate the refractive index of several resins up to 1600 nm from measurements 

made from 589.3 to 1300nm. Here A, B and C are constants specific to the substance and k 

is the wavelength at which refractive index, n, is needed. The fit of this equation to the 

experimental data was seen to be very good (<2x10"4) and was said to give the expected 

monotonically decreasing function. 

The Abbe data were used to predict the refractive index of the resin at 1529nm throughout 

cure by using the data from this paper to calculate equations for A, B and C as a function 
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of the refractive index at 589nm. The following quadratic equations were calculated fitting 

a second order polynomial to plots of A, B and C against nD.. 

A(nD) = -0.86655n2 +3.5138nD -1.8350 
B(nD) = 0.52833n2 -1.5458nD + 1.1352 

C(nD) = -0.079009n2 + 0.23372nD-0.17294 

- 5.32 

These equations achieved a very good fit with a correlation coefficient smaller than 10-5. 

Figure 5-37 shows the measured refractive index, at 589.3nm, of the resin/hardener 

mixture throughout cure at each of the four cure temperatures. Each data point on these 

curves was transformed using the Cauchy equation with values of A, B and C calculated 
from the equations above. Figure 5-38 shows the data as they appears after having 

undergone this transformation. The lower overall refractive indices are seen on these 

curves which is consistent with normal dispersion in a transparent solid. 
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Figure 5-38 Calculated refractive indices with cure time of curing 828 and hexanediamine at 4 cure temperatures @ 
1529nm 

Amine hardener concentrations were calculated from spectra of curing resin obtained 
during cure at each of the four isothermal temperatures. This process is involved, and will 

not be dealt with here but is detailed in the author's co-researcher's thesis19' 

The above refractive index values together with the amine hardener concentration 

calculated from FTIR data for the four temperatures were substituted into the four models 
described above. As before, the Degrandpre and Burgess model was used with both 

Gloge's value for the power in the cladding, r, (3/\12V) and a value for r derived by Ruddy 

in his paper (equation - 5.16). Ruddy's later absorption coefficient model was also plotted 

together with the author's penetration depth model. This made five model curves in total. 

The signal which results from the resin refractive index change (and the associated fibre 

numerical aperture change) had been accounted for in the processing of the evanescent 

data by taking only the evanescent peak height. The components of the Degrandpre and 

Burgess model which explicitly accounts for this change were thus neglected and only 

those parts predicting the absorbance change due to changing amine concentration and 

refractive index change were taken into account in these calculations. 
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Figure 5-39, Figure 5-40, Figure 5-41 and Figure 5-42 show the comparison between an 
average taken from the non-normalised observed evanescent absorbance data and the 
predicted data from the five models. Despite the scatter on the evanescent absorbance data 
being so large this average, is shown on the graphs to aid clarity and make an objective 
assessment of the accuracy of the models easier. For information, the standard error and 
maximum deviations of the mean curve from all experimental data are charted in Table 
5-4. 

Temperature 

(°C) 

Standard error of 

mean from data. 

Maximum single 

deviation (absorbance 

units) 

0.026 

0.0194 

0.0216 

0.0157 

30 

40 

50 

60 

Overall absorbance 

change (measured 

from mean) 

0.042 

0.047 

0.056 

0.053 

0.00793 

0.00691 

0.00721 

0.00858 

Table 5-4 Standard errors and maximum deviations of data mean from actual experimental data 

The model predictions can be seen to follow closely the overall trends seen in the 

experimental data related to cure start, cure finish and the rate of change of the absorbance 

band. From these graphs the following assessments were made of the five models as 

applied to these data. 

Degrandpre and Burgess' model195 with Gloge's r value194: 

This model can be seen to give a prediction for the absorption approximately four times 

larger than that seen in the actual data. The predictions made by this model have been 

truncated from the above graphs for clarity. It is thought that the value for the power in the 

cladding, r, given by Gloge makes too many approximations to be an accurate enough 

indication of the true value. The inaccuracy of this model can be attributed to the fact that 

although Gloge's value of r give an indication of the order of magnitude of the power in 

the cladding it cannot be considered accurate enough for calculations of this sort. 

Degrandpre and Burgess' model using Ruddy's r value184 
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Ruddy's value for the power fraction in the fibre cladding brings Degrandpre and Burgess' 
model prediction closer to the observed absorption values. The model incorporating this 
value gives a prediction approximately twice that observed. Overall it is thought that the 
simplicity of the Degrandpre model does not adequately model the complexities of the 
evanescent sensor when embedded in a medium having a refractive index change 
exhibiting the magnitude of refractive index change seen in a curing resin. The model does 

not take enough account of the change in absorption due to changing penetration depth 
throughout the cure time. 

Ruddy's two models 

Both of the Ruddy models 184,195 give predictions for the evanescent absorbance in the 

epoxy resin system 15-20% than those seen in the experimental data. They do however, on 
the whole fit the data closely. It is interesting to note that the more recent model of the two 

predicts a faster change in the observed absorbance than the older model and one that on 
the whole fits the trend of the experimental data most closely. The accuracy of these 

models can be attributed to their taking into account many aspects of the evanescent wave 

along the sensing region. Change in penetration depth, medium absorbance and refractive 
index are all accounted for. 

The penetration depth model 

Several of the models from the literature (specifically those quoted by Degrandpre and 

Burgess) showed deviations from the observed data which were unacceptably large. It was 

therefore thought that it would be instructive to try and construct a further model which 

could be applied directly to the problem of resin cure monitoring. This model was 

formulated with the aim of taking into account all parameters affecting the evanescent 

contact with the sensing medium while at the same time retaining a simplicity of approach. 

With reference to the figures above it can be seen that the author's model shows the lowest 

predicted absorbance of all the models and is generally lower in its predictions than the 

experimental data. However, its prediction is equal in accuracy to that of Ruddy and as 

hardener concentrations decreases with increasing cure time approaches the experimental 

data more closely. The model can therefore be said to be worthy of further consideration in 

any future studies of the evanescent absorption sensor for cure monitoring. 

This work has shown that both the models formulated by Ruddy and the author's model 

give a good indication of the magnitude of absorbance sensitivity which can be expected 
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from an evanescent sensor. The Degrandpre and Burgess model would appear to be 
somewhat naive in its approach and hence inaccurate in its prediction. To further assess the 
accuracy of the models it will be necessary to improve the evanescent sensing technique so 
that the data obtained using it become more repeatable. 

5.4.8 Sensor enhancement 
Experiments were carried out to determine whether modifications in the geometry of the 
sensor could enhance sensitivity of the sensor and thus improve the quality of 
measurements made with it. The experiments were carried out as detailed in section 5.3.6. 

5.4.8.1 Numerical aperture 
Three spectra of the ethylenediamine absorption peak centered on 1547nm can be seen in 

Figure 5-43. The three spectra were taken using the 0.9,0.8 and 0.7 numerical aperture 
launch objectives. The spectra obtained using the 0.4 and 0.2 numerical aperture objectives 
displayed negligible evanescent absorption and so have been omitted from this graph. 
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Figure 5-43 Absorbance of ethylenediamine in iso-propyl alcohol measured using evanescent sensor 0.9,0.8 and 0.7 

numerical aperture launch microscope objectives. 
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Objective Numerical Aperture I Absorption peak height at 1529nm 

0.7 0.062 

0.8 
0.9 

0.081 

0.127 

Table 5-5 Variation in absorption peak height at 1529nm with launch optics numerical aperture 

The absorption peak heights taken from Figure 5-43 are given in Table 5-5. The main 
feature of these data are: 

i) the higher numerical aperture launch optics couple light slightly more efficiently into 

the fibre (resulting in an observed reduction in the baseline absorbance as the launch 

numerical aperture approaches the fibre numerical aperture); 

ii) even underfilling the optical fibre numerical aperture by a small amount results in a 

substantial reduction in the sensitivity of the optical fibre sensor. (This is 36% in 

moving from 0.9 numerical aperture objective to a 0.8 numerical aperture objective. 
This represents a reduction in the maximum launch angle of only 5.6° suggesting 
36% of the optical power of the evanescent wave in this sensor is produced by those 

rays incident at this outer 5.6°); 

iii) those rays incident at angles smaller than 23.5° contribute a negligible amount to the 

power in the evanescent wave (since the spectra taken using the 0.4 and 0.2 numerical 

aperture launch optics had no absorption peak present). 

These results suggested that the strategy of removing those rays which contribute little to 

the evanescent wave, by masking out the low launch angles, could be a good one for 

enhancing the sensor sensitivity. By removing these rays the background onto which the 

absorption peaks are superimposed would be reduced thus increasing the signal to noise 

ratio. 

5.4.8.2 Masking of objectives 
Five spectra of ethylenediamine in iso-propyl alcohol can be seen in Figure 5-44 taken 

over the spectral range 1500-1580nm. Each of these spectra was made using a different 

size opaque mask placed at the mouth of the 0.9 numerical aperture launch objective to 

remove those rays which contribute little to the evanescent wave. It was found that masks 
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with opaque regions greater in diameter than 5mm obscured the launch optics to too great a 
degree and produced a signal which was too small to measure reliably. 
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Figure 5-44 Absorbance of ethylenediamine in isopropyl alcohol as seen by evanescent absorption sensor with opaque 
masks of several sizes placed on launch objective 

It can be seen from these curves that the mask have had little effect on the depth of the 

evanescent absorption seen by the optical fibre sensor in these experiments. The peak 

heights at 1529nm the largest and smallest depth being within 10% of each other. 

It is difficult to propose a reason for this method of removing the lower order propagation 

modes having little effect on observed spectral signal. However, it may be that the filtered 

lower order modes could have been re-excited over the length of fibre between the sensing 

region and the launch optics. This involves energy being coupled back into the lower order 

modes from the higher order modes. This phenomenon is discussed by Tateda and Ikeda'99 

who use a similar masking technique to that used here to separate modes into groups and 

observe the mode conversion over lengths of bent, 125µm core, multimode fibre. Mode 

conversion was observed by these researchers in 5m lengths of fibre so it is possible that a 

similar effect is occurring over the 2m of fibre between the launch optics and sensing 

region in these experiments. 
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5.4.8.3 Profiling of sensor region 
Four evanescent absorption spectra of the ethylenediamine/isopropyl alcohol solution 
taken with sensors having tapered areas in their sensing regions are shown in Figure 5-45. 

The peak heights measured at 1529nm are stated in Table 5-6. 
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Figure 5-45 Ethylenediamine evanescent absorption variation with several sensor region profiles. 

Profile in sensing region Measured absorption depth 

None 0.037 

Single 3mm profile 0.045 

two 3mm profile 0.042 

Single 7mm profile 0.038 

Table 5-6Measured absorption depths of profiled evanescent absorption sensors 

As with the masking experiments it can be seen that the sensor region profiles have no 

appreciable effect on the depth of the absorption observed. There is some change in the 

baseline but this could be attributed to light incident at the profiles at angles above the fibre 

core/solution critical angle and being radiated. It is probable that these tapered regions 

were too short in comparison to the overall sensor length (10cm) to have had much effect 

on the overall absorbance seen by the sensor but since we had only one way of creating 

these tapered regions it was not possible to take these experiments any further. Typical 
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commercially available optical fibre tapers are of the order of 10cm long, However, since 
these are expensive, and the optical fibre sensor for resins is sacrificial they are not 

suitable for this application. 

It has been demonstrated that the sensitivity of the optical fibre evanescent sensor used in 

this study is highly affected by the numerical aperture of the light launched into them. The 

optical fibre from which the sensor is constructed should be slightly overfilled to ensure 

that the higher order modes which contribute most to the power in the evanescent wave are 

excited. This is of particular importance with the high refractive index fibre which has a 
large numerical aperture. 

Experiments performed to see if modifications to the sensor and launch geometry have 

been unsuccessful. For the sensor to become more useful it will be necessary to perform 

further experiments and try other ways of exciting those modes which contribute most to 

the power in the evanescent wave. 

5.5 Chapter conclusions 
An optical fibre evanescent absorption sensor for monitoring the cure of an epoxy resin 

system has been demonstrated. The sensor is capable of detecting the depletion of the 

amine absorption band centred at 1547nm as the curing agent reacts with the epoxy groups 

in the epoxy mixture. The sensor was used to monitor the cure of the model resin system 

Epikote 828 and hexanediamine. The sensor results could be used qualitatively to predict 

the time of end of cure. However, quantitative information on the final extent of cure was 

difficult to obtain due to fluctuations in the sensor signal from cure run to cure run. Further 

work is required to isolate the sources of experimental fluctuation. 

Experiments were carried out to assess the performance of several evanescent absorption 

models from the literature and an original model formulated by the author, when compared 

to the observed evanescent absorbance. A model by Ruddy195 and the author's model 

showed the closest agreement with the experimental data. 

The models were also adapted so that they could be used to predict sensor response during 

the cure of the model resin system. By incorporating FTIR absorbance data and refractive 

index data taken during cure at each of the isothermal temperatures and substituting them 

into the models an expected response could be determined. The same two models produced 

predictions of the expected sensor response to within the scatter of the experimental data. 
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The ability of the sensor to detect changes in concentration of the amine hardener has been 
demonstrated. However, the measurements are still prone to many errors including 

microbends and connection losses. Many of these errors could be removed if the 

wavelength range of the instrumentation could be extended and an intensity referencing 
technique to an invariant absorption was used. 

The poor sensor response seen in the cure monitoring experiments prompted an 
investigation into methods of enhancing its sensitivity. Two methods which were 

suggested by the literature have been tried and, disappointingly, have been found to 

produce little or no enhancement of the evanescent absorbance observed. Both of these 

methods aimed to increase the signal to noise ratio of the measurements by removing some 

of the large background "noise" signal produced by the modes contained in the fibre 

which make little or no contribution to the power in the evanescent wave. The 

enhancement experiments did demonstrate the importance of ensuring that the higher order 

propagation modes are excited by completely filling or overfilling the optical fibre using a 

high numerical aperture objective. 
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6 Optical Fibre sensor for Refractive index cure 
monitoring 

6.1 Introduction 
This chapter contains details of experiments carried out to evaluate the refractive index 
based optical fibre cure sensor. This sensor, being similar in construction to the evanescent 
absorption sensor detailed in Chapter 5, was fabricated from high refractive index optical 
fibre (n=1.65). The cladding was removed over a short length (25mm) of the fibre and the 
sensor was then embedded in a sample of curing Epikote 828 resin. From measuring the 
amount of light transmitted by the sensor the change in the refractive index of the curing 
resin could be inferred. Since resin refractive index is directly related to the rate of cross- 
linking, the cure rate could be determined. The refractive index sensor was also used to 
follow the cure of a 924resin/glass pre-preg cured using the manufacturers recommended 
cure schedule. The investigation into the refractive index sensor was a collaborative 
programme of work with the author's co-investigator. 

This chapter covers the following aspects of the refractive index sensor and its use in 

tracking the cure of resins and composites: 

i) theoretical background to the refractive index sensing mechanism; 

ii) abbe refractometry cure monitoring; 

iii) modelling of Abbe results; 

iv) comparison of sensor results and refractive index measurements made simultaneously 

using an Abbe refractometer to test theory; 

v) cure monitoring of Epikote 828 and hexanediamine using the sensor; 

vi) use of the refractive index sensor for tracking the cure of a glass/resin composite 

prepreg. 

6.2 Theory of sensor operation. 
As explained in section 3 the light guiding properties of an optical fibre are due to the total 

internal reflection of the light at the interface between the fibre's core and its cladding. One 

gauge of an optical fibres ability to guide light is its numerical aperture which is defined by 

the equation: 
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N. A. = 
(n 

co -nill 2= sine 1 

- 6.1 

where n. is the refractive index of the fibre core and n, l is the refractive index of its 

cladding. The numerical aperture is equal to the sine of the angle over which the fibre will 

accept light (sin Ba), the acceptance angle. It can be seen that the acceptance angle of the 
fibre will change if the value of the refractive index of the cladding changes. Thus, the 

changing n, 1 will change the amount of light guided by the fibre. This is illustrated in 

Figure 6-1. 

Fibre 

Figure 6-1 Illustration of light cone change for stripped cladding refractive index based sensor. 

This figure illustrates light entering an optical fibre from air at an angle 8a. On entering the 

fibre, the refracted angle 81 is given by: 

sin 8, = nco sin BQ 

- 6.2 

where n, is the refractive index of the fibre core. For total internal reflection, the angle at 

which the ray strikes the core-cladding boundary must be greater than the critical angle 9, 

given by: 

sin 0, _ 
nc, 
nco 

- 6.3 
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where n, 1 is the refractive index of the cladding. If a portion of the cladding is stripped 

away and a medium of different refractive index n3 is placed in contact with the fibre core, 
different guiding characteristics will apply and the new light cone half angle 02 will be 

given by: 

sin 82 =- 
n3 

nca 

- 6.4 

For the case where n, > n3> n, l, if the refractive index of the medium surrounding the 

exposed fibre core increases so that it approached the refractive index of the core (e. g. a 

curing epoxy resin) then the value of 8l will decrease. This results in some of the light 

radiated by the fibre core. When the light passes back into the complete fibre since the 

complete fibre has a larger light cone than in the stripped region, no further light 

attenuation will be observed. 

For the case where n, l > n3, the light cone at the stripped core region is larger that the light 

cone of the original fibre. Therefore, no light is lost in passing from the complete fibre into 

the stripped cladding region. However, on returning to the complete fibre from the stripped 

cladding region, since the guided light will tend to fill up the larger light cone as it 

propagates, some light will be lost upon returning to the fibre which possesses a smaller 

cone. A simple geometrical optics approach can be used to predict the amount of light lost 

from the fibre for given values of nc0 , nc, and n3 and indeed for a changing n3. If it is 

assumed that light guided by the fibre is evenly distributed over all angles of incidence that 

the fibre can guide (reasonable for long, very multimode fibre) then the light lost by the 

fibre can be calculated from the ratios of the areas of the light cones. 

The area of the cone (Al) supported by the unmodified fibre is given by: 

A, = Tc(sin 8, 

-6.5 

Similarly for the stripped fibre : 

A2 = ; z(sin 02 
)2 

-66 
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therefore the percentage of light remaining after stripping the fibre and surrounding it with 
a medium with refractive index n3 is A2/Al. Now: 

sin 0, = nco sin 0a1 

sin 92 = nco sin 0,2 

-67 

where °al and °a2 are the acceptance angles of the unmodified and modified fibres 

respectively. Substituting the equations from 7 into 5 and 6 we see: 

2 

2 
(Sifl9a2)2 

NA2 

A, (sinO)2 NAl 

-6.8 

where NA, and NA 2 are the numerical apertures of the unmodified and modified fibres. 
The values of the numerical apertures are also given by the equation: 

NA = nö - nl 

- 6.9 

6.3 Experimental procedure 
6.3.1 Abbe refractometry cure monitoring 
Refractive index measurements were made using a Bellingham and Stanley Abbe 

refractometer and a sodium arc light source. This type of lamp emits monochromatic light 

at 589nm which is a wavelength commonly used for quoting the refractive index of 

materials. Refractive index measurements made at this wavelength are referred to as nD 

and this convention will be followed here. The instrument was calibrated using a silica test 

piece supplied by the instrument manufacturers. 

The refractive index of the curing epoxy/amine mixture was measured using the instrument 

in transmission mode. Three drops of the mixed system were placed on the lower 

measurement prism. The upper prism, which had been coated with a thin film of release 

spray, was placed on the lower prism so as to form a thin resin film between the two. The 

sodium lamp was positioned so as to pass through the upper prism, the resin film and into 

the lower prism allowing the refraction angle of the light to be observed using the attached 
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measurement telescope. From the refraction angle the refractive index of the resin is 
measured using the calibrated scale on the instrument. A diagram of the prism arrangement 
can be seen in Figure 6-2. 

to measure 

)cket 

Figure 6-2 Schematic diagram ofAbbe refractometer experimental arrangement 

Refractive index measurement experiments were carried out on an Epikote 828 and 
hexanediamine mixture at isothermal temperatures from 30 to 60°C. The isothermal 

temperatures were maintained by passing water from a heated water bath through a jacket 

surrounding the prism. This kept the temperature constant to ± 0.5°C. 

6.3.2 Cure monitoring using the refractive index sensor. 
The prepared sensor was connected to one arm of a 1x2 silica optical fibre coupler. The 

input of the coupler was connected to a current stabilised, temperature controlled Profile 

instruments laser diode source operating at 1310 nm. This wavelength was chosen because 

of the wide availability of stable telecommunications sources at this wavelength and 

because FTIR measurements of the resin/hardener system had shown there to be no 

absorption bands at this wavelength which could interfere with the measurements being 

made. The free end of the sensor fibre and the second arm of the coupler were connected to 

two InGaAs photodetectors. The purpose of the second arm was to enable the output from 

the laser to be monitored so that any fluctuation in the source intensity could be referenced 

out of the sensor signal. The connections between the fibres, detectors and the laser were 

all made using ST telecommunications connectors which, although producing a certain 

amount of coupling loss, result in a reproducible connection between the various 

components. The current from the photodiodes were amplified to a measurable voltage 

level using Profile instruments photodiode amplifiers and the signals from these were 
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connected to an analogue-to-digital acquisition card mounted in a PC running acquisition 
software. A diagram of this set-up can be seen in Figure 6-3. 

Silica fibre 'Y-couple' 
\44, 

Z-0 
0 0' 0, 

InGaAs detector 

ý0" 

Photodiode amplifiers 
1310 nm laser diode 

Epoxy resin 
covering the sensor 

Data acquisition PC 

ý00 

InGaAs detector 

""ST' fibre connector 
High refractive index 
optical fibre (1.65) Stripped cladding region 

Figure 6-3 Experimental set-up for optical fibre refractive index monitoring experiments 

The fibre sensor region was laid in a metal vessel containing a stoichiometric mixture of 
Epikote 828 (Shell Chemicals) and 1,6-hexanediamine (Aldrich Chemcals). 

This resin and hardener stoichiometric mixture was made up immediately before the 

experiment was to begin and thoroughly mixed before being poured over the sensor region. 

The vessel was then placed on a hotplate, the temperature of which was controlled using an 

Omega PID temperature controller accurate to ±1°C. Before the experiment began the 

hotplate was left to equilibrate at the desired temperature for at least 30 minutes. In 

addition to the thermocouple used by the temperature controller an additional 

thermocouple was placed in the resin mixture so that the actual resin temperature could be 

logged. Data acquisition began immediately the resin was placed onto the hotplate. Cure 

monitoring experiments were carried out at isothermal temperatures of 30°, 40°, 50° and 

60°C. 

6.3.3 Simultaneous optical fibre sensor and Abbe refractometry cure monitoring 

The results obtained from the optical fibre sensor during cure were compared with actual 

refractive index measurements made using an Abbe refractometer and a sodium light 

source which emits at 589nm. The sensor light source used was again a 1310nm laser 

diode and the experiment was setup in a similar way to the cure experiments except the 

resin covered sensor region was placed between the two prisms of an Abbe refractometer. 

The temperature of the prisms was maintained at the isothermal temperature required by 
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pumping thermostatically controlled water through them. The sodium lamp was used to 
illuminate the refractometer prisms and measurements of the resin refractive index were 
made as the cure process progressed. In this way real refractive index measurements made 
with the refractometer could be directly compared with refractive index data taken using 
the refractometer. A diagram of the experimental set-up is shown in Figure 6-4. 

Silica fibre 'Y-coupler' 

1310 nm laser Stripped sensor 
region 

Curing epoxy / 
resin \ 

Abbe 
refractometer Light path 
telescope 

Observer 

To data acquisition 

Detector 

Photodiode amps 

589 nm source for 
Abbe refractometer 

10-1 High refractive 
index fibre 

Detector 

Heated Abbe 

ref ractometer 
prisms 

Figure 6-4 Experimental set-up for simultaneous refractive index and OFS measurements. 

6.3.4 Cure monitoring of a glass/resin composite prepreg. 
The refractive index sensor was used to track the cure of an Ciba Geigy 924 epoxy resin 

/glass fibre composite pre-preg. Sensors were constructed having a stripped length of 7cm 

and these were embedded between 4 plies of the commercial 924 /glass fibre pre-preg in a 

single specimen mould custom made for curing single composite coupons. A 

representation of this mould can be seen in Figure 6-5. 

fibre exiting mold 

Composite 

(lid not shown) 

layers 

fibre path thorough 

mold pre-preg 

resin film 

Fibre entering mold 

Figure 6-5 Representation of single specimen composite mould and composite/sensor layup 

I fibres 

Optical fibre 
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The sensor was passed into the mould via the fibre ports at each end and arranged on two 

plies of the pre-preg. A single layer of 924 resin film was placed either side of the fibre 

sensor to ensure good contact with the resin in the coupon during cure. A further two plies 
of pre-preg were then laid on top of the sensor. The base and lid of the mould were then 

placed around the laid up composite and the whole arrangement placed in a 
thermostatically controlled heated press. The composite coupon was then cured using the 

manufacturers' prescribed cure schedule. This was: 

i) temperature ramp from ambient to 180°C at a rate of 3K min 1; 

ii) isothermal temperature hold at 180°C for three hours; and 

iii) cool to ambient temperature. 

Light from a Profile instruments, stabilised 131Onm laser source was launched into a 1x2 

fibre y-coupler one arm of which went straight to a photodiode and the other into the 

sensor, the other end of which was connected to a second photodiode. The electrical signal 

from both photodiodes was fed into a photodiode amplifier. The output from the amplifiers 

was then logged by a computer, at a rate of one sample every two seconds, over the cure 

period. This arrangement allowed any drift in intensity of the laser source to be referenced 

from the final sensor data. A thermocouple was also placed within the composite mould so 

that the actual temperature of the coupon could be monitored throughout the cure cycle. 
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Figure 6-6 Experimental arrangement for the cure monitoring of a glass/resin composite pre-preg. 

A schematic diagram of this experimental arrangement can be seen in Figure 6-6. 
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6.4 Results and discussion. 
To determine whether the tracking of refractive index was a suitable method for following 

the cure of a resin, a series of experiments was performed to determine the refractive index 

of the curing resin throughout cure at 30,40,50 and 60°C. The results from these 
experiments can be seen in the four figures which follow. 
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Figure 6-7 Refractive index change at 590nm (nD) measured during cure of Epikote 828 and hexanediamine at 50°C 

using an Abbe refractometer 
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Figure 6-8 Refractive index change at 590nm (nD) measured during cure of Epikote 828 and hexanediamine at 40 °C 
using an Abbe refractometer 
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Figure 6-9 Refractive index change at 590nm (nD) measured during cure of Epikote 828 and hexanediamine at 30°C 

using an Abbe refractometer 
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Figure 6-10 Refractive index change at 590nm (nD) measured during cure ofEpikote 828 and hexanediamine at 60°C 
using an Abbe refractometer 

Figure 6-7 contains the data from eleven repeat experiments at 50°C. From this particular 
data the following can be said: 

i) the overall change in refractive index at this temperature is about 0.034. This is a 

sufficiently large change to make the refractive index monitoring of cure a realistic 

proposition; 

ii) the variation of the data between the individual experiments is about 9% of the 

overall change in refractive index. Possible reasons for this scatter are discussed 

below. 
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Figure 6-11 Mean of refractive index datasets at each cure temperature summarising refractive index change of resin 
and amine during cure. 

Figure 6-11 summarises the refractive index data, showing the mean of the data at each 

temperature. The following points are apparent: 

i) higher isothermal temperatures result in a faster rate of change in the refractive index 

of the sample. This can be linked to a faster rate of cure of the resin samples at higher 

temperatures and agrees with behaviour established using other cure monitoring 

techniques198. 

ii) the overall change in refractive index of the samples over the cure schedule is greater 

at higher temperatures (see Table 6-1). 
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Isothermal Cure Overall refractive index 

temperature (°C) Change during cure 

30 0.029 

40 0.032 

50 0.034 

60 0.036 

Table 6-1 Overall refractive index change of resin mixture during cure 

This could be linked to a higher degree of crosslinking being achieved at higher 

temperatures: 

iii) an increase in the extent of cure of a specimen results in an increase in the refractive 

index this can be seen from the fact that the refractive index at cure end at 30°C is 

generally higher than that at 60°C; 

iv) from the positions of the curves at t=0 it can be seen that there is a temperature 

dependence of the refractive index also. The refractive index can be seen to decrease 

with increasing temperature; 

v) although all experiments were carried out under similar conditions there is a general 

variability of the refractive index data between data obtained at each of the four 

temperatures. Possible explanations for this are: 

a) moisture contamination of the reactants; 

b) differing actual resin temperatures; 

c) contaminated refractometer prisms; 

d) inadequate mixing of reactants and/or different starting stoichiometry of the epoxy 

amine mixture. 

Therefore, a model was required relating refractive index, extent of cure and cure 

temperature. 
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6.4.1 Relationship between refractive index and cure 
In order to use the refractive index of the resin as a method of monitoring its cure it is 

necessary to relate the change in refractive index during cure to the chemical concentration 
of reactants. It has been proposedlso that there is a linear relationship between the 
concentration of epoxy in the system and refractive index However, little evidence 
supporting this has been published. Lam and Afromowitz'50 compared fractional 

conversion data obtained from DSC analysis with refractive index measurements made 
with a cleaved optical fibre Fresnel reflectometer at several cure temperatures. A linear 

relationship was found between the two up to the gel point of the resin. 

Measurements were made in this work to determine the relationship between refractive 
index and concentration for the Epikote 828 and hexanediamine mixture being 

investigated. The work was done using a transmission cell constructed from two optical 
fibres between which there was a gap of 0.75mm (see Figure 6-12). 

/ Lioht to detector 

Resin fill 
between 
fibres 

Light from monochromator 
(2100-2250 nm) 

0.75mm spacing 

nent groove 

Figure 6-12 Optical fibre transmission sensor 

This sensor was placed on the heated prism of an an Abbe refractometer and its free ends 

connected to the Bentham monochromator and a Peltier cooled lead selenide detector. This 

type of detector was used since spectra were taken over the wavelength range 2100- 

2250nm . 
This allowed observation of the change in intensity of the resin epoxy peak. A 

sample of the epoxy/amine mixture was placed over the sensor such that it flowed into the 

gap between the two optical fibres. In this way transmission spectra of the resin could be 

obtained at the same time as the refractive index at 589nm was measured using the Abbe. 

Fifty spectra were acquired for each cure experiment. 
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Following cure the areas of the epoxy peak centred on 2205nm were calculated . 
This was 

ratioed against the C-H absorption at 2163nm and this ratio was then used to calculate the 
degree of epoxy conversion using the equation: 

a 

(areaepoxy / area c-x) 
=1- 

time_t 
(areaepo 

/ areac_H 
)me=) 

0 

- 6.10 

Figure 6-13 shows a summary of the data thus obtained relating refractive index to epoxy 
conversion. 
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Figure 6-13 Summary of results obtained for relationship between refractive index and extent of cure at four cure 
temperatures. 

It can be seen from this figure that the relationship between refractive index and extent of 

cure is linear until near to the end of cure corresponding to a fractional conversion of 

approximately 0.75 which provides experimental verification of the postulate that 

refractive index is related to degree of cure. At this point the rate of change of refractive 

index slows although the extent of cure continues to increase. Similar behaviour was 

observed by Lam and Afromowitz152 for the cure of a DGEBA epoxy resin. These authors 

attributed this behaviour to the onset of gelation. 
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6.4.2 Simultaneous refractive index cure monitoring with sensor and Abbe 

To determine whether the numerical aperture model for the optical fibre sensor was valid a 
number of experiments were conducted. The signal from the fibre sensor was monitored at 
the same time as the refractive index of the sample into which it was embedded using the 
Abbe refractometer. 

A spectrum of the a sample of the resin mixture was taken using a Perkin Elmer x, 19 

spectrometer, between 400 and 800nm, before the experiment to determine whether there 

were any significant absorption bands in this area which could interfere with the results via 
anomalous dispersion. This spectrum indicated that there were no such bands. 

Mechanically chopped light was launched from the Bentham Instruments monochromator 

at a wavelength of 589nm, the same as that provided by the sodium lamp used by the Abbe 

refractometer, via a 0.9 numerical aperture microscope objective. The optical fibre 

numerical aperture was calculated as 0.86 and so the microscope objective should have 

filled all available propagation modes in the fibre. Since refractive index does vary with 

wavelength it was important that both the Abbe measurements and the OFS measurements 

were made at the same wavelength. The light emerging from the sensor was detected using 

a silicon photodiode operating in photovoltaic mode, the signal of which was fed into a 

phase-sensitive detector. The signal from the phase-sensitive detector was logged using a 

PC. 

All sensor results were normalised by dividing all data points by the initial sensor signal. 

The mean Abbe data from eleven experiments carried out at 50°C were used to compare 

calculate a predicted sensor response to compare with the actual sensor signal calculated 

using the equations shown in Section 6.2. These calculations were performed using 

Easyplot graphing software, taking the fibre core refractive index to be 1.65 and the 

cladding index to be 1.41. This comparison can be seen in Figure 6-14. 
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Figure 6-14 Comparison of results obtained using refractive index sensor to predicted sensor response from numerical 
aperture model 

The predicted responses were calculated by substituting the Abbe refractive index values 

into equations - 6.8 and - 6.9. For example, the resin refractive index can be seen to change 

from 1.5454 to 1.5799 during the resin cure. The numerical aperture of the unstripped 

portion of the fibre is: 

NAo= JflC2-nl 
= 1.652-1.412 =0.857 

-6.11 

The numerical aperture of the stripped portion at the start of cure is likewise: 

NASt =nö- nt. o= 
J1.652 

-1.54542 = 0.578 

-6.12 

and at the end of cure: 

NAfin = 4n 
ö -- nt final = 

V1.652 
-1.57992 = 0.476 

-6.13 

The transmission (or light remaining in the fibre) at the start of cure is 
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(NA/NAo)2 =45.5% 

and at the and of cure 

(NAfin/NAo)2=30.8% 

This corresponds to a predicted normalised sensor signal drop of 

3 0.8 
1- = 32.3% 

45.5 

-6.14 

A similar calculation was carried out for all refractive index values and these calculations 
are the predictions plotted in Figure 6-14. 

It can be seen that if the manufacturers quoted core index value of 1.65 is used in the 

model then there is a significant discrepancy between the predicted response and the 

measured data. The model predicts a fall of about 32% of the original signal level whereas 
the measured data actually fall to between 8 and 15% of its original value. Possible reasons 
for the discrepancies are: 

i) the model assumes that all the propagation modes of the fibre are have light 

distributed between them equally. This means that the light in the fibre is distributed 

evenly across the acceptance angle of the fibre. This assumption is reasonable since 

the fibre being used contained many thousands of modes. However, it may be 

possible that the launch conditions of light into the fibre meant that some propagation 

modes were excited preferentially and the light was confined to those modes having 

lower internal reflection angles. The experiment did attempt to avoid this by 

overfilling the fibre using a high numerical aperture launch objective 

ii) the model predicts no signal dependence on the length of the sensor region. The 

results seen in Figure 6-14 show no dependence of this kind. It is possible that the 

small transition region between clad and unclad regions, which are an artifact of the 

stripping process may affect the sensor response. Also bubbles attached to the core 

region may affect sensor response by altering the propagation characteristics; 

iii) it can be seen from Figure 6-14 that if the model calculations are performed with a 

lower value of core refractive index, between 1.585 and 1.59, a much better fit is 

obtained. It is possible that this is nearer to the actual value of the core index since in 
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conversation with the fibre suppliers, it appeared that the source of the quoted core 
index is unreliable. Because the model is based on fairly fundamental optical fibre 

principles the inaccuracy of the quoted value of core index seems likely. One reel of 
the fibre, of several used throughout this project, was actually supplied with 1.59 

quoted as the core index although this was said, by the supplier to be a labelling error. 

To resolve this it will be necessary to obtain an independent assessment of the refractive 
index of the fibre core using a technique such as ellipsometry to give an accurate 

measure of its real and complex refractive indices. This would require a bulk sample of 

the core material which could not be obtained by the fibre supplier. Time constraints on 

the project prevented this being taken any further. 

6.4.3 Cure monitoring of Epikote 828 and hexanediamine using the stripped 
cladding sensor 

Refractive index cure-monitoring utilising the stripped cladding refractive index were 

carried out in the manner described in section 6.3. A schematic of the experimental 

arrangement can be seen in Figure 6-3. 

Results from ten repeat experiments at 50°C can be seen in Figure 6-15. 
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Figure 6-15 Data from stripped cladding refractive index sensor obtained during cure ofEpikote 828 and 

hexanediamine at 50°C. (ten repeats) 
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As predicted by the sensor model there was no dependence of the signal on sensor length 

which ranged in these experiments from 20-33mm. 

The sensor signal at the end of cure ranged from 0.31 to 0.14 of the original signal 
although all experiments were carried out under similar conditions. This variability was 
problematic and possible reasons for it are: 

i) uncertainty in the transition region between unstripped and stripped region. 
Examination of this region with a microscope shows that there is a small length of 
cladding which has been attacked by the stripping acid but not removed. Since this 

region is likely to vary between sensors it could be a cause of the variation. In future 

work it will be important to investigate the effect of this partially clad region of the 

sensor and to find a way of manufacture sensors which eliminates this region. This 

effect will have undoubtedly contributed towards the uncertainty in the evanescent 

sensor also, 

ii) bubbles around the sensor formed during cure could also affect the sensor signal. 

Although these sensor signals do show a large spread they still possess some 

characteristics which could be useful. 

Differentiating the signals with respect to time produces a set of curves that can be seen in 

Figure 6-16. 
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Figure 6-16 Rate of change of refractive index sensor signal with respect to time against cure time for curing Epikote 
828 and hexanediamine at 50°C 

The data presented in this form gives us two useful pieces of information about the cure 
process: 

i) the minimum value of d[signal]/dt occurs between 35 and 45 minutes for eight of the 

ten experiments presented above. This point corresponds to the time at which the 

maximum rate of cure is reached. Over the cure period of two hours this pinpointing 

of the maximum cure rate to within ten minutes is a reasonable result; 

ii) one of the most important pieces of information that is required from a cure sensor is 

the point in time where the cure reaction ceases. Manufacturers of composite 

materials made from epoxy resins follow closely the epoxy resin manufacturers cure 

schedule regardless of the shape or volume of the specimen. Consequently, small or 

thin parts may be cured for longer than necessary and large parts undercured. 

Tailoring a cure schedule to a particular part could results in a saving in time and 

energy for small parts and increased mechanical integrity for larger parts. For the 

volume of resin used in these experiments at a cure temperature at 50°C it can be seen 

from Figure 6-16 that the rate of change of cure becomes zero (i. e. cure stops) at 

approximately 120 minutes. 
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Figure 6-17 shows example data taken from Epikote 828 and hexanediamine cure sensing 

runs performed at 30,40 50 and 60°C overlaid on the same plot. 
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Figure 6-17 Typical results from optical fibre sensor refractive index cure monitoring experiments at 30,40,50, and 
60°C 

It can be seen that, as might be expected, cure progresses at a faster rate at the higher 

temperatures. Table 6-2 summarises the indicated end time and final sensor signal obtained 

at the four temperatures using the cure sensor. 
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Cure temperature (°C) Final fraction of start Cure end time (mins) 
sensor signal at cure end 

30 0.16 300 
30 0.17 
30 0.21 
40 0.17 150 
40 0.25 
50 0.14 120 
50 0.16 
50 0.22 
50 0.22 
50 0.22 
50 0.24 
50 0.25 
50 0.26 
50 0.29 
50 0.31 
60 0.21 80 
60 0.23 

Table 6-2 Summary of cure sensor data at four temperatures 

6.4.4 Cure monitoring of a glass/resin composite pre-preg. 
The optical fibre refractive index cure sensor was used to monitor the cure of a Ciba 

Geigy, Fibredux 924 resin/glass fibre composite. A stripped high index fibre sensor was 

embedded in four plies of composite pre-preg which was then cured to the manufacturers 

recommended cure schedule whilst the signal from the sensor was monitored. 

Since these experiments were carried out at a higher temperature (180°C) than those using 

Epikote 828 resin and hexanediamine an initial check was performed to ensure that the 

high refractive index core optical fibre would not degrade at these temperatures. The signal 

from an optical fibre was monitored as its temperature was ramped from ambient to 180°C 

at 3K minute-' and held for 30 minutes. The trace from the fibre was seen to remain 

constant to within ±0.5% of the signal at 30°C showing no degradation of the fibre's 

guiding properties at this temperature. 

Optical fibre sensor results from three composite cure runs can be seen in Figure 6-18 to 

Figure 6-20. The sensor and reference signals in these traces have been normalised to their 

initial values. 
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Figure 6-18 Results from optical fibre sensor embedded in curing 924 pre-preg 
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Figure 6-19 Results from optical fibre sensor embedded in curing 924 pre-preg (85 minute hold time) 
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Figure 6-20 Results fr om optical fibre sensor embedded in curing 924 pre-preg (50 minute temperature hold) 

The reference signal was seen to be stable to smaller than 0.5% in all three cases and so 
was not used in the processing of the data. The main features of the sensor signal are as 
follows: 

i) an initial steep rise in sensor signal starting approximately ten minutes after the 
temperature ramp began, when the temperature reaches 100°C, and reaching a 
maximum when the temperature was 160°C. This is thought to be due to the drop in 

refractive index of the resin brought about by its increase in temperature. At 100°C 

the resin in the pre-preg begins to melt, wetting the sensor thoroughly and as the 

temperature increases the mobility of the resin increases and its refractive index 

drops. The drop in refractive index of the resin slows as the resin begins to crosslink 

and the signal from the sensor reaches its maximum; 
ii) the sensor signal then starts to fall. The signal displays the characteristic `s' shaped 

curve characteristic of all the cure monitoring curve seen in this work. This fall in 

signal is due to the rise in the resin refractive index as the crosslinking process 

proceeds. 
In the experiments above the signal can be seen to have reached a final steady state value 

(i. e. cure has finished) at between 31 and 39 minutes after the temperature ramp began. 

This would suggest that for specimens of this size the three hours temperature hold 

specified by the manufacturers is excessive Curing for the time indicated by these 
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experiments on parts of this size would represent a significant time and energy saving over 
the manufacturers recommended cure schedule. Of course thicker samples would require a 
longer cure time but is has been demonstrated that the sensor could be useful in tailoring a 

cure schedule to a specific sample by determining when the interior of the sample had 

reached it final cure state. 

The maximum rate of cure and the termination of the cure was determined from the 

differential of the sensor traces. A summary of these from the six cure runs performed can 
be seen in Table 6-3. 

Cure run Time maximum cure rate reached Time of completion of cure. 

(d [signal] /dt=min) 

1 30.1 mins 35 mins 

2 25 
.2 mins 36.1 mins 

3 22.4 mins 31.5 mins 

4 29.6 mins 39 mins 

5 27.4 mins 36.4mins 

6 23.4 mins 32.2mins 

Table 6-3 Summary of composite cure monitoring results 

It can be seen that there is quite a spread in these results. It is suggested that these 

differences in cure times and maximum rate time are real and due to small differences in 

the press heating rates and the lay-up. For example from the temperature traces in Figure 6- 

18 and Figure 6-19 can be seen that the isothermal temperature is reached 5 minutes earlier 

in the second of these than in the first. This would have resulted in the difference in the 

overall cure time of these two runs (2 and 3 in Table 6-3). 
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6.5 Chapter Conclusions 
A refractive index sensor has been demonstrated and is capable of monitoring the 
refractive index of a medium in contact with a fibre core when the cladding has been 
stripped away. 

The sensor was used to track the cure of a stoichiometric mixture of Epikote 828 resin and 
hexanediamine hardener mixture curing at 30,40,50 and 60°C. The signals obtained could 
be used to determine the time of maximum cure rate and time of cure finish. However, 

uncertainty in the sensor signal meant that the final extent of cure measurement was 
uncertain. Further work is needed to isolate the source of these fluctuations. Possible 

causes for them include short partially stripped areas between the stripped and unstripped 
regions and voids nucleating around the sensor. 

Comparisons were made between results for the refractive index of the resin mixture 
during cure made using an Abbe refractometer and the optical fibre sensor. The existence 

of a relationship between refractive index and degree of cure was established by 

simultaneous monitoring of the resin spectra and the resin refractive index using an optical 
fibre transmission cell. 

A simple model based on the change in the numerical aperture of the sensor with refractive 

index change of the measurand predicted a smaller signal change than was actually 

observed (35% predicted to 85% measured. ) This is almost certainly due to the fibre core 

refractive index being smaller than the value quoted by the suppliers who seemed to be in 

some confusion over the actual value. The author would venture a core index value of 1.59 

which in fact was actually quoted on one reel of fibre (of several) which was purchased. 

For future work it is imperative that a source of fully characterised high refractive index 

fibre is found or an independent assessment of the core index is made. 

The sensor was also used to monitor the cure of a commercial glass fibre/928 resin pre- 

preg. A characteristic cure curve for each cure run was seen and from the sensor data it was 

possible to determine the maximum rate of cure and the cure finish time. The data showed 

that for the size of sample used, that the manufacturers recommended cure schedule was 

too long. This demonstrates the sensor's usefulness in tailoring a cure schedule to 

particular specimen shape and thickness. 
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In summary, the ability of the stripped fibre sensor to monitor cure has been demonstrated. 

At the moment the method is subject to the intensity fluctuations, in the same way as most 

intensity based measurements, due to microbends and differences in connections. Further 

work is needed to isolate the refractive index measurements from this noise and increase 

the measurements' accuracy. 
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7 Summary, conclusions and suggestions for 
future work 

This thesis has described the work that was carried out to investigate two optical fibre 
sensors for the monitoring of cure of an epoxy resin system. 

Experiments were carried out using a model resin system of a type similar to those 
commonly found in composite matrices. The system chosen for analysis was Shell 
Chemicals Epikote 828, a diglycidyl ether of bisphenol-A epoxy resin and 1,6- 
hexanediamine (Aldrich chemicals). The cure mechanism and characteristics of the resin 
was characterised by the author's co-worker using FTIR spectroscopy and DSC. 

The optical fibre sensors used in this study used two parameters to monitor the cure 
process. These two parameters were evanescent wave absorption and refractive index. 

The evanescent absorption sensor was used to monitor characteristic absorptions of active 
species within the curing resin system specifically the amine hardener absorption peak 
centred on 1529nm. 

The refractive index sensor was used to track the substantial change in refractive index of 
the resin system as the cross-linking process progressed. 

The work carried out on both sensors has been published widely at several conferences and 
in the journal, Smart Materials and Structures (see Appendix 3: Publications). 

7.1 Evanescent absorption sensor 
The evanescent absorption sensor was constructed from high refractive index core fibre 

from which 180mm of silicone cladding had been removed. Initial experiments confirmed 

that detection of amine hardener was possible via evanescent absorption, although any 

refractive index change of the medium to be sensed had a serious effect on the sensor 

signal. It was also found that the laser diode sources with which the sensor was to be 

excited were not sufficiently tuneable to be of use and so a grating monochromator was 

used to launch light over the wavelength range of interest into the sensor. 

The evanescent absorption predictions of several sensor models from the literature and a 

model formulated by the author were assessed using the sensor immersed in amine 

solutions of known concentration. This type of comparison, had not previously appeared in 

any of the literature in which the models appeared. A recent model by Ruddy and the 
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author's model were shown to give the closest agreement with observed evanescent 
absorbance 

The stripped region of the fibre was embedded in the curing resin sample. Light was 
launched into the sensor from a scanning monochromator that performed a wavelength 
scan between 1470nm and 1590nm at intervals throughout the cure time. The wavelength 
dependent intensity data collected at the output end of the sensor contained information 

about the size of the N-H absorption band centred at 1529nm. This was related to the 
hardener concentration in the resin mixture. Cure experiments were carried out at 30,40, 
50 and 60°C. The data were processed to extract information on the height of the amine 
absorption peak. Although great care was taken to ensure a consistent experimental 

arrangement, the data thus obtained exhibited much variation between cure runs. This was 

probably due, in the main, to slight variation in parameters such as fibre connections, fibre 

curvature and launch conditions. However, if the data were normalised to the initial amine 
hardener peak height it became apparent that the percentage drop in amine peak height was 

more repeatable than was at first apparent, especially in the higher temperature data (50°C 

and 60°C). It was possible, using these data, to ascertain the cure onset time, cure 

termination time (or the point at which all of the amine hardener had been consumed) and 

the time of maximum rate of cure. 

The evanescent data were compared to cure data obtained using FTIR spectroscopy and 

Abbe refractometry. It was found that the degree of cure data obtained using the 

evanescent sensor agreed to a good degree with those obtained using FTIR spectroscopy. 

The agreement was reasonable up to higher degrees of cure, where the sensitivity of the 

evanescent technique is low (corresponding to a degree of cure of 0.9). The evanescent 

data were also found to show a reasonable degree of agreement with data obtained using 

Abbe refractometry. 

The unnormalised evanescent absorbance data were compared to the predictions made 

from the models in the literature and the author's model. Abbe and FTIR data obtained 

during cure were substituted into the cure models and used to make a prediction, which 

was compared to the evanescent absorbance observed. Three models gave a prediction 

close to the observed data. Two models by Ruddy184'195 and the author's model gave 

predictions which were within the scatter of the observed data. These three models were 

sufficiently accurate that they could be used in an in-situ monitoring system to infer the 
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state of cure of a resin from the evanescent sensor signal. The original model formulated in 
this study has thus been shown to be worthy of consideration in any future study of 
evanescent sensors applied to the problem of cure monitoring. 

The idea of a cure surface was proposed. This surface illustrates the variation in evanescent 
absorbance with variations in refractive index and analyte concentration and could be 
determined using one of the models described here or empirically. It is particularly 
applicable to cure monitoring where there is a large change in analyte refractive index as it 

cures. The signal obtained from an evanescent absorbance sensor describes a locus across 
this surface and this allows the unique values of analyte concentration and refractive index, 

specific to each absorbance, to be determined. This gives a good indication of cure state. 

Experiments were performed to determine whether it was possible to enhance the 

sensitivity of the evanescent sensor. It was demonstrated that to ensure maximum 

sensitivity it was important that the higher order modes of the optical fibre were excited 
fully. Experiments to enhance the sensor sensitivity by masking the launch optics and 
tapering the sensing region produced negative results. It is likely that a more gradual taper, 

of longer length than those tried here would produce a sensitivity enhancement. However, 

the means to construct or purchase such a tapered fibre were not available during the 

course of the project and the investigation of such a taper will have to be left for work in 

the future. 

7.2 Refractive index sensor 
To determine whether the tracking of the refractive index of a resin sample was a viable 

technique an Abbe refractometer was used to measure the refractive index of the model 

resin system during the cure process. It was shown that a higher isothermal cure 

temperature resulted in a faster rate of refractive index change of the sample during cure. 

This could be linked to a faster cure rate. The overall change in refractive index of a resin 

sample was also found to be higher at higher isothermal cure temperatures. There was 

shown to be experimental evidence for a linear relationship between the degree of cure of a 

resin and the refractive index of the sample. This was shown using an optical fibre 

transmission sensor. 

The stripped cladding optical fibre sensor was fabricated in a similar way to the evanescent 

absorbance sensor, the only difference being the length of silicone cladding (25mm) 

removed from the optical fibre to form the sensing region. 
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A number of experiments was conducted to determine whether the numerical aperture 
model of the refractive index sensor was valid. The model predicted a signal fall to 32% of 
the initial sensor signal whereas the observed signal fell to between 8 and 15% of its 

original value. Since the model was based on fairly basic optical fibre principles the most 
likely explanation for this discrepancy was thought to be an inaccuracy in the fibre 

suppliers quoted value for the core refractive index. A small change in this value was 
demonstrated to produce a significant change in the model predictions. 

Cure monitoring experiments utilising the stripped cladding refractive index sensor were 
performed using a laser diode source operating at 131Onm. The sensor was embedded in 

samples that were cured at isothermal temperatures of 30,40 50 and 60°C. As for the 

evanescent sensor, variability was seen between cure runs. Possible reasons for this are 

proposed to be: 

i) uncertainty in the properties of the transition region between clad and unclad regions; 

and 

ii) bubbles nucleating around the sensor. 

The differentials of these data with respect to time yielded two useful pieces of information 

about the cure process. These were the maximum rate of cure and the point at which the 

cure reaction could be said to have ceased. For the 50°C samples the maximum rate of cure 

occurred between 35 and 45 minutes and the cure had ceased (i. e. the rate of change of 

refractive index with time had become zero) at 120 minutes. 

The sensor was also used monitor the cure of a Ciba Geigy, Fibredux 924, glass/resin 

composite pre-preg. A cure sensor was embedded in four plies of composite pre-preg 

which was then cured to the manufactures recommended cure schedule whilst the signal 

from the sensor was monitored. Since the pre-preg cure schedule incorporated a 

temperature arm the sensor signal took on a different form to that seen in the resin samples. 

The sensor signal initially began to rise as the pre-preg resin matrix became more mobile 

with increasing temperature. The signal then followed the characteristic "s-shaped" curve 

seen in the resin cure experiments as it cross-linked. The four layer pre-preg sample was 

seen to have completed cure at times between 31 and 39 minutes, with the maximum cure 

rate occurring at times between 22 and 30 minutes for the six samples. The cure schedule 

called for an isothermal temperature hold of three hours, which can be seen to be excessive 

for a small, thin sample of pre-preg such as that used here. This demonstrated that the 
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refractive index sensor holds promise for tailoring a cure schedule to specific composite 
part by determining when the cure of that part had completed. 

7.3 Recommendations and Future work 
The evanescent absorption sensor and the stripped cladding refractive index sensor have 
been shown to be potentially useful tools for monitoring the progress of an epoxy/amine 
cure reaction. The following areas of research are recommended for future work to refine 
the techniques to a point where they can be commercially useful. 

Evanescent absorption sensor 

i) A disadvantage of the current evanescent sensor arrangement is that the optical 
arrangement is based on a scanning grating monochromator. The approximate scan rate 
of this equipment as it stands is approximately I nm s-1. This limits the number of data 

points which can be obtained during a single cure cycle. The new solid state 
monochromators or equipment to introduce light into the fibre from a benchtop FTIR 

machine would improve resolution and the data acquisition rate of the technique. 

ii) At the time of writing, tuneable diode laser sources are reaching the market with high 

stability and a wavelength tuneability of some 100nm at telecommunications 

wavelengths. As these become more established and so less expensive they would make 
ideal sources for the evanescent sensor. This would enable the original project concept 

of monitoring specific absorption bands with single wavelengths to become realised. 

iii) It is possible that the boundary between stripped and unstripped regions of the fibre 

sensor affect the repeatability of the sensor signal during cure. Therefore, this issue 

needs addressing and alternative cladding stripping methods, such as re-cladding a bare 

fibre core, should be investigated. The optical fibre used in these experiments is in need 

of a greater level of characterisation and it is imperative that in the future either a better 

characterised fibre type is found or more data is obtained on the existing fibre. 

iv) It is suggested that the quality of the evanescent data could be improved greatly by 

using a spectral referencing technique. This will require a wavelength range exceeding 

that of which the equipment is currently capable and fibres with improved transmission 

capabilities into the NIR. Equipment such as that described in i) and ii) would help 

realise this. 
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v) The cure surface idea should be extended. A next good step would be the construction 

of a detailed empirical model to enable accurate values of refractive index and analyte 

concentration to be obtained from an evanescent absorbance measurement. 

Refractive index sensor 

Many of the same areas of research which apply to the evanescent sensor have been 

identified as important for the refractive index sensor. 

i) Again, it is important that that the high refractive index fibre is fully characterised or an 

alternative fibre is found to enable an absolute measure of the resin refractive index to 

be inferred from the sensor signal. This measurement could also be improved by an 

improved referencing system to take into account variables such as fibre connections 

and fibre curvature. 

ii) Improved or alternative methods of cladding removal or sensor fabrication are needed to 

produce more repeatable results and eliminate the transition region between clad and 

unclad regions. 

Finally, both techniques will have to be extended to commercial composite pre-preg 

systems. This will also entail a complete companion study of the cure kinetics of each of 

these systems by conventional techniques as was conducted alongside this work by the 

author's co-researcher. 
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8 Appendices 

8.1 Appendix 1: Microsoft Excel Macro for calculation of peak 
heights from evanescent sensor data 

'Peak height macro 

'Macro 1 Peak height macro 
'Macro recorded 25/04/96 by Graham Powell 

Sub Macro lPeakheightmacro() 
V ARS' 
c2 =1 'destination column' 
Sheets. Add 

'#####label columns#####' 
Sheets(" Sheet2"). Select 
Cells(1,1) = "Time" 
Cells(1,2) = "abs@1500": Cells(1,3) = "abs@1529" 
Cells(1,4) = "abs@1570": Cells(1,6) = "peak height" 
For w= 1500 To 1570 Step 35 
r1= 65 'start row' 
r2 =2 'destination row' 
c2 = c2 +1 'destination column' 
t=0 'time' 

10 Sheets(" Sheet 1 "). Select 
15 s= Cells(rl, 2) 

If s= "x-axis" Then GoTo 20 '####if end of column do next wavelength###' 
'###if we're at the right wavelength select adjacent cell else look at next###' 
Ifs =w Then Cells(rl, 3). Select Else rl = rl + 1: GoTo 15 
'###cut and paste###' 
Selection. Copy 
Sheets(" Sheet2"). Select 
Cells(r2, c2). Select 

ActiveSheet. Paste 
'#####label time column on last pass####' 
If w= 1570 Then Cells(r2,1) =t 
r2=r2+ 1: rl=rl+ 1: t=t+3: GoTo 10 

20 Next 

'%%%%%%%calculate absorption depth%%%%%%%%' 
Sheets(" Sheet2"). Select 

Cells(2,6). Formula = "=(C2-(B2+((D2-B2)/2)))" 
Cells(2,6). Select 
Selection. Copy 

y=3 
25 check = Cells(y, 1): If check Then GoTo 30 

Cells(y, 6). Select 
ActiveSheet. Paste 
y=y+1: GoTo 25 

30 End 
End Sub 
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8.2 Appendix 2: Mathcad worksheets for model calculations 

This appendix contains the mathcad worksheets used in calculating the model predictions 

for the published models and the authors penetration depth model. The following sheets 

were used in the absorption model/experimental comparisons detailed in section 5.3.4 

Burgess's model (done using matrices and Gloge's r) 

i: = 0.. 36 

j: =0.. 1 

C.: = 0.05. (1+ 1) 

L := 180.10 3 

:=1.65 nCo 

nm: =1.446 

ný1: = 1.41 

n cl 9ý: =as 
n co 

ac: = 146.37 

6 
p := 60- 10- 

9 a, .= 1529- 10 

nm 
8=as« 

n co 

1 

NA : 
(nco2_nm2)2 

NA = 0.795 

V := 2-ý P-NA 

178 



8 Appendices 

4. 
T 

r 
3V 

Gloges r Appl. Opt 10, (10) 

ae: =a, r 

numerical aperture part of model ignored since no r. i. change 

a e- 
L- c. 

A.: _ 12 

absi o ci 

absi, l 
A. 

WRITEPRN(BURGgIog0 := abs 

0.25 

0.2 

0.15 

A. 

0.1 

0.05 

A 
"00.5 1 1.5 

C. 

Burgess's model with Ruddy's value for r 

i :=0.. 36 

j: =0.. 1 

c.: = 0.05. (1+ 1) 

L := 180.10 

n co :=1.65 

2 
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nm :=1.446 

nc1: = 1.41 

0c: =as 
n cl 

n co 

ac := 146.37 

p: =60.106 

k : z: 1529.10-9 

as 
nm 

6= 
n co 

1 

(NA 2 2: 
= nco - nm ) 

V. = 2.7c P-NA 
k 

COS (0) 71 
as " sm --9c 

cos (A 
c) 

2 

2 

Ruddy's r value 

ae :=a C"r 

a e*L. ci 
A.. _ 12 

oi abs. c 

absi 1 :=A 

WRITEPRN(BURGruc) := abs 
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0.15 

0.1 

A. 

0.05 

n "00.5 

c. 

Ruddy's effective attenuation coefficient 

c :=0,. 1.. 1.8 

X := 1529.10 9 

n=1.65 

nm. = 1.446 

nl 
n lm :_ 

nm 

nm 
nm1 := 

nl 

0 22 

nm 
01: =as 

nl 

0c= asin(n ml) 

p: =60.106 

n2 .=1.41 

L: = 18.102 

1.5 2 
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01= 61.207 " deg 

a(c) := 146.37-c 

g (9) atan 
pos (o) (im2(8)2- 

1 

g(0 2) =o 

COS(, ) 

t nml"as 
cos 

(0 
s) 

n 
(O2,0 

1, a) :- a(c) 
2 ((02) 

9(o 1)) (n2 
l m) 

(02-01) 

cc (e) - ý'- nm 
7 Pl(e'a) -22 

71. p 
(n 

nm) 

r(O) .- -I V 

ata 
Cos (0) 

RiIo)2 

2 
sine C) 

as' 
Cos (0) 

s-A 
cos (A 

c) 
2c 

- 2 

2 2 V: =2.7 
ý P. (nl2-nm/ 

Y 
, n-t(cc) 

a (c) h 

2"p. nm 
(1 + sin(9 c)) 

A(y) _ -1og((exp(-y-L))) 

WRITEPRN(GAMMA) :=A 
(y 

crit(a 
) 

V=195.947 

- siý6 C) as 
Cos (e) 

cos 
(6 

C) 
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0.1 

A 

1(y 
crit(CO) 0.05 

000.5 
1 1.5 

C 

Ruddy's attenuation coefficient from 1994 

c :=0,. 1.. 1.8 

a := 146.37 

n2 = 1.4460 

L 18.10 2 

n1: =1.65 

p: =60.106 

1529.109 

22 
nl -n2 

2 2n1 

1 

NA: = 
(22)2 

V: =2-7t- NA 

T(c) :_ 

1 
-n2'c»c-L x2 c exp 

nl V' 1 

[(1 
-- 2x2)]2_ 

0 

A(T) :_ -log(T(c)) 

2 
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U. Uö 

0.06 

A(T) 0.04 

0.02 

A v00.5 1 1.5 2 

C 

WRITEPRN(RUDD) := A(T) 

Author's Penetration depth model 

k. = 1529.10-9 m 

n1: =1.65 

nm :=1.446 

p 60.10 6m 

L1810 2. 
m 

1.446 
0 

cnt = as 
1.65 

a := 146.37-literm 

C: = 0- liter 1,0.1 
- liter 1.. 1.8. liter 

0 
crit 

61.207 " deg 

I0 :=1 

E0 
X10 

for a single bounce 
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d 
p(6) :- 

i 

22 

2. (S40))2 -nm 
n1 

n 
o2 

md (0). E 
nl 

d 
e(9) ; 

2-cos(O) 

lt 
cos - =0 

2 

No. of bounces at angle 0 

N(e) _ 
cot(O) 

2' P 

00 

path(O) 

0 

2"r 
exp dr 

d 
p(0) 

d =5.052.10 P "m 2 

total path 

length 

lt 
2 

L 
Dtot: - 2P 

0 
crit 

cot(9)-d e(9) 
dA 

D tot = 2.867.10 4m 

A(c) :=c Dtot* c 

WRITEPRN(GRARM := A(c) 
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0.08 

0.06 

A(c) 0.04 

0.02 

A 
0 500 

sample volume for ray at angle 0 

v(O) := 7r, P2. L- d e(O) 

absorbance of ray @0 

a(O, c) :=2. c. d 
e(6) 

total of all bounces at 0 

atot(O, c) := a(O, c). N(O) 

Total for all 0 

lt 
2 

A(c) =a tot(O, c) dO 

e 
crit 

10 

A(c) 5 

0 1000 

c 

WRITEPRN(GP2) := A(c) 

2000 

1000 1500 

c 

2000 
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8.3 Appendix 3: Publications 
G. R. Powell, P. A. Crosby, D. N. Waters, C. M. France, R. C. Spooncer and G. F. Fernando, 
"In-situ cure monitoring Using Optical Fibre Sensors -A Comparative Study. " Accepted 
for Publication in Smart Materials and Structures, will appear in August 1998 issue. 

P. A. Crosby, G. R. Powell, G. F. Fernando, D. N. Waters, C. M. France, R. C. Spooncer, 
"A comparative study of optical fibre cure monitoring methods", Proceedings of the 
Society of Photo-optical Instrumentation Engineers (SPIE), 3042, pp. 141-153, (1997). 

P. A. Crosby, G. R. Powell, T. Liu, X. Wu, G. F. Fernando, "In-situ cure monitoring of an 
epoxy/amine resin system using an optical-fiber transmission sensor, Proceedings of the 
Society of Photo-optical Instrumentation Engineers (SPIE), 2895, pp. 109-115 (1996). 

G. R. Powell, P. A. Crosby, G. F. Fernando, C. M. France, R. C. Spooncer, D. N. Waters, 
"Optical-fiber evanescent-wave cure monitoring of epoxy-resins", Proceedings of the 
Society of Photo-optical Instrumentation Engineers (SPIE), 2718A, pp. 80-92 (1996). 

P. A. Crosby, G. R. Powell, G. F. Fernando, C. M. France, R. C. Spooncer, D. N. Waters, 
"In-situ cure monitoring of epoxy-resins using optical-fiber sensors", Smart Materials & 
Structures, 5, No. 4,415-428 (1996). 

P. A. Crosby, G. R. Powell, G. F. Fernando, C. M. France, D. N, Waters & R. C. Spooncer, " 
Cure monitoring of epoxy resins using optical fibre sensors. " I. O. P. Sensor series Ch. 76 
(Dublin) pp. 255-259 (1995) 

G. R. Powell, P. A. Crosby, G. F. Fernando, C. M. France, R. C. Spooncer & D. N. Waters. 
"In-situ cure monitoring of advanced fibre reinforced composites" Proc. SPIE 2444 "Smart 

Structures and Materials" pp. 386-395 (1995) 
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