m TheUniyersitgof
A | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Al-Obaidani, Ammar (2009) Development of a
photocuring system for cationic epoxy formulations
using side emitting optical fibres. PhD thesis, University
of Nottingham.

Access from the University of Nottingham repository:
http://eprints.nottingham.ac.uk/10864/1/AD_Alobaidani_Development_of_a_Photocuring_Sy
stem_for_Cationic_Epoxy_Formulations_Using_Side_Emitting_Optical_Fibres.pdf

Copyright and reuse:

The Nottingham ePrints service makes this work by researchers of the University of
Nottingham available open access under the following conditions.

Copyright and all moral rights to the version of the paper presented here belong to
the individual author(s) and/or other copyright owners.

To the extent reasonable and practicable the material made available in Nottingham
ePrints has been checked for eligibility before being made available.

Copies of full items can be used for personal research or study, educational, or not-
for-profit purposes without prior permission or charge provided that the authors, title
and full bibliographic details are credited, a hyperlink and/or URL is given for the
original metadata page and the content is not changed in any way.

Quotations or similar reproductions must be sufficiently acknowledged.

Please see our full end user licence at:
http://eprints.nottingham.ac.uk/end_user_agreement.pdf

A note on versions:

The version presented here may differ from the published version or from the version of
record. If you wish to cite this item you are advised to consult the publisher’s version. Please
see the repository url above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact eprints@nottingham.ac.uk


http://eprints.nottingham.ac.uk/Etheses%20end%20user%20agreement.pdf
mailto:eprints@nottingham.ac.uk

w The Uniyersitg of
#& | Nottingham

Division of Materials, Mechanics and Structures

Development of a Photocuring System for
Cationic Epoxy Formulations Using

Side Emitting Optical Fibres

by

Ammar Darwish Al-Obaidani

(BSc, MSc)

Thesis submitted to the University of Nottingham for

the degree of Doctor of Philosophy

May 2009



Abstract

Photocuring of polymers and polymer composites, from epoxy resin based formulations, has
been of growing interest over the past two decades. The photocuring occurs when an epoxy
formulation is exposed to electromagnetic radiation, usually ultraviolet (UV) radiation. This
process has been explored widely and it can be described as an open mould process by
which the epoxy formulation is exposed directly to the radiation. However, for a closed
mould process, thermal curing, rather than radiation curing, typically is employed. The
potential of using photocuring for a closed mould process has not yet been investigated in
detail. The challenge in photocuring of polymers and polymer composites in a closed mould
is directing the radiation into the mould to activate the photocuring process, which is not
possible using the conventional methods. Hence, for this reason the present work is focused

on the development of a closed mould photocuring system using side emitting optical fibres.

This photocuring system using side emitting optical fibres relies upon the optimisation of
epoxy based resins. As a result, an extensive characterisation of different types of UV
curable cationic epoxy resins is carried out using two pre-formulated commercial resins,
formulations from bisphenol A/F, and formulations from cycloaliphatic epoxy. The
formulations showed different reactivity and hardness. An important result is that the
cycloaliphatic epoxy resin formulations cured much faster than the other bisphenol A/F
formulations, having a more uniform hardness distribution and UV radiation transparency

during the curing.

Side emitting optical fibres are adopted to photocure epoxy in a closed mould. Different
types of side emitting optical fibres are characterised to determine irradiation efficiency.
The optical fibres had either a silica core or a PMMA core. The silica core fibres have a
silicone cladding containing radiation scattering particles (either ZnO or Al,O3) and diffuser

(either PA6 or ETFE). The PMMA core polymer optical fibres (PMMA POFs) have a



PVDF cladding with micro-perforations as a side emission mechanism. Silica core fibres
with the Al,Os scattering particles and the PMMA core fibre are more suitable for the closed
mould application as they transmitted efficiently in the UV radiation band. The high side
emission characteristics of the PMMA POF compared to the silica core fibre showed higher

potential for use in the closed mould photocuring process.

As the polymerisation speed is influenced by the amount of flux density of the radiation
source, a high flux lamp (Hg lamp, 40 W/cm?) is coupled to the side emitting optical fibres.
This lamp caused thermal degradation to the PMMA POF at the launch point when in use. A
cooling device is made to minimise the thermal degradation generated by radiation
absorption. After improving the optical transmission stability of the PMMA POF, its side
emission is enhanced by various treatments, such as permanent modification of the fibre
geometry with adjusted bend radii as well as by mechanically embedding silica scattering

particles into the fibre and applying micro-cuts.

The developed, closed mould photocuring system consists of: enhanced side emitting
PMMA POF, a cooling device, high emission Hg lamp, and a closed mould setup. 1.5 mm
and 5 mm thick components, made from an optimised epoxy formulation (based on
cycloaliphatic epoxy), are cured using the photocuring system. The 1.5 mm thick
component (20 mm wide and 245 mm long) is cured in 45 minutes using a single PMMA
POF treated with silica particles (side emission of ~81 % of the total launched emission).
The 5 mm thick component (75 mm wide and 170 mm long) partly cured in 45 minutes by
simultaneously using three PMMA POFs treated with silica particles and geometric
modification (side emission of ~96 % of the total launched emission). This sample
eventually cured with time (up to 36 hours) due to dark reaction. The efficiency of the
developed closed mould photocuring system is validated by curing a 1.5 mm thick
component made from a pre-formulated polyester resin formulation. This component cured
in 7 minutes (30 mm wide and 245 mm long) using a single PMMA POF treated with silica

particles.
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Glossary

Attenuation
Band

Cationic polymerisation

Diluent

Electromagnetic

radiation
Irradiation or ‘flux

density’

Lamp intensity or
‘power density’

Gradual loss of power density through a medium.

An electromagnetic spectral range.

A process in which the active end of the growing polymer
chain molecule produces a positive ion. The generation of this
positive ion progresses the polymer chain. In photoinitiated
cationic polymerisation, the curing process is not inhibited by
atmospheric oxygen and the chain reaction proceeds after UV
exposure (dark reaction). The cationic polymerisation is so-

called due to the cationic initiator used with the base resin.

An additive that reduces the overall viscosity of a resin system.

A form of photon energy in which electric and magnetic field

components oscillate in a phase perpendicular to each other.
Power incident on a surface. It is a way of measuring
electromagnetic radiation. Irradiance E, is a measure of

momentary exposure quantified in Watts/cm® (W/ cm?).

The overall power of the lamp measured in Watts (W).

viii



PMMA POF

POFs

Polyols

Radiant Exposure

Radiant power or
‘radiant flux’

Refers to a group of Polymethyl methacrylate core polymer
optical fibres (POF) which could be of different diameters and
also having different cladding materials. Each one is called an

optical fibre.

Defines different groups of polymer optical fibres; i.e. fibres

with different core material.

Additives for resin formulations to enhance the polymerisation

process and mechanical properties. Such additive improves the

chain mobility and results in an enhanced polymerisation.

Electromagnetic radiation energy on an area per unit time.

Electromagnetic radiant energy per unit time in Watts (W).
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Nomenclature

AlL,O3 —

BSE —

CA -

DGEBA —

DSC -

EB —

EDX —

EM —

ETFE —

FTIR —

Absorbance (no unit)

Aluminium oxide

Back scattered electrons

Cylinder area

Diglycidyl ether of bisphenol A
Differential scanning calorimetry
Irradiation or “flux density’ (W/ cm?)
Consumed energy (kWh)

Wavelength dependent irradiation or absolute spectral irradiance (W/ cm?)
Activation energy for dissociation (J)
Electron beam

Energy Dispersive X-ray spectroscopy
Electromagnetic

Ethylene tetrafluoroethylene

Fourier Transform Infrared Spectroscopy

Hour



Iy—

LAN —

LED —

LD -

mins —

NA —

n;—

ny—

Repoxy —

OD —

P output

PA6 -

PDMS —

PHR —

PMMA -

Radiant Exposure (J/cm?)

Mercury

Intensity or ‘power’ of the incident light passing through a material in Watts
(W)

Initial intensity or ‘power’ of the incident light in Watts (W)
Local area network

Light emitting diode

Laser diode

Minute

Numerical aperture

Refractive index of the optical fibre core
Refractive index of the optical fibre cladding
Refractive index of cycloaliphatic epoxy resin
Optical density (OD)

Power output (kW)

Polyamide-6

Polydimethylsiloxane

Parts per hundred resin

Polymethyl methacrylate

xi



POF —

POFs —

PS —

PVDF —

RS -

SE —

SEM —

SI—

Sg —

Sh —

Sp—

UV -

VUV —

Vp—

A group of polymer optical fibres of similar material

Multiple groups of polymer optical fibres. Not of similar material

Polystyrene

Polyvinylidene Fluoride

Resin system

Total energy in Joules/unit area (J/cm?)
Side emission window of an optical fibre (mm?)
Scanning Electron Microscopy

Step index

Scattering particles agglomerates size (um)
Micro-holes sizes (um)

Scattering particles size (um)

Time (second, minute and hour)

Total internal reflection

Glass transition temperature (°C)
Ultraviolet

Vacuum ultraviolet

Estimated particles volume fraction

xii



ZnO — Zinc oxide

x — Longitudinal axis of an optical fibre (mm)

r— Radial axis from the side of an optical fibre or ‘perpendicular to the x-axis

along the length of the optical fibre’ (mm)

AHapsorpiion —  Enthalpy absorbed in Joules (J)

AHieaction — Heat of photochemical reactions in Joules (J)

Greek Symbols

w1 — Angle of incidence in degree (°)

w2— Angle of refraction in degree (°)

Weriicar —  Critical angle in degree (°)
o — Nominal absorption coefficient (cm'l)
Aa — Relative change in the nominal absorption coefficient (cm™)
c— Absorbing species (mol L™)

c. — Absorbing species caused by photo-degradation (mol L)

a. — Absorption coefficient caused by photo-degradation (cm™)

a, — Absorption coefficient at wavelength A (cm™)
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Wavelength (nm)

Cone of acceptance angle in degree (°)
Total rate of energy absorption (W/cm?)
Response spectrum (cm™)

Attenuation coefficient of an optical fibre (cm™)
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Chapter 1

Introduction

1.1. Radiation Curing of Polymers

Photocuring of polymers by means of irradiation in the ultraviolet (UV) or visible bands of
the electromagnetic spectrum shows several potential advantages compared to thermal
curing. In photocuring processes, the chain polymerisation occurs through a photochemical
event in which propagating active centres are generated, typically cations or radicals. One of
the main advantages of radiation curing is lower shrinkage within the cured product. This
permits tighter dimensional tolerances to be maintained. The cycle time is significantly
reduced (minutes rather than hours) and, as no heating is required, the energy consumption
in UV curing is typically lower, and the tool design is less complex. Since the curing
process normally starts from the component surface, liquid resin is encapsulated below the
surface, and the emission of volatile substances into the environment can be lowered
significantly. Radiation curing is found to be an efficient, fast curing technique in curing
varnishes, paints, printing inks, adhesives, and is employed in the production of printing
plates, microcircuits, dental material and optical disks [1-2]. However, radiation curing of
polymers has not been used commercially for closed mould processes unlike thermal curing

Processes.
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1.2. UV Curing of Epoxy Using Side Emitting Optical Fibres

Conventional UV curing methods can only be applied if the component can be directly
irradiated and, due to the absorption of radiation, the material thickness is limited. The
motivation for investigating photocuring processes using side emitting optical fibres
embedded within a component is the potential to achieve compatibility with economical
closed mould processes. Thus, the objective is to photocure an epoxy used in a closed mould
process, to allow curing of thick- and thin-sectioned components or to cure adhesives in

bond lines between opaque material sheets (Figure 1-1).

Side emitting optical
fibre

Opaque surface

Epoxy resin
surrounding the
optical fibre

Radiation entering
the optical fibre

\

Radiation scattered
from the side of the A

optical fibre 1

Figure 1-1. Schematic illustration of radiation curing of resin using a side emitting optical fibre.

In optical fibres for telecommunication and data transfer applications, radiation is
transmitted with minimal loss and emitted only from the end face. Side emitting optical
fibres, on the other hand, are typically designed as linear light sources frequently used for

illumination and decoration purposes [3-10].
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The challenge in the photocuring of epoxy using side emitting optical fibres is that UV
radiation may undergo strong attenuation within the fibres and cause degradation of the
fibres themselves while being transmitted through the optical fibres. On the other hand, the
amount of energy emitted from the optical fibres is critical for initiation of the

photoreactions within the epoxy to produce curing [11-13].

1.3. Area of Novelty in the Photoinitiated Resin Curing Field

A significant amount of work has been published in the field of radiation curing processes.
The curing process is similar for all of the work reviewed, and is accomplished by using a
radiation source to irradiate different resin systems for curing films, such as coatings, inks
or adhesives. None of the work reviewed described radiation curing for an adhesive in a
bonded structure, whereby the adhesive is a thin film used to join two opaque substrates
such as aluminium. This is due to the difficulty in exposing the reactive species of a
photoinitiator in an adhesive to the radiation necessary for initiating polymerisation. One
way of activating the reactive species would be to embed a side emitting optical fibre within
the adhesive bond. The radiation would be launched from a source into the optical fibre, and
then released along the length of the optical fibre in a radial pattern into the adhesive,

activating the reactive species within it.

According to the knowledge of the author, photocuring of polymers and polymer
composites using side emitting optical fibres has never been established and very few
studies related to this curing method are available. Fawdington et al. [14] and Bilanin et al.
[15] have patented methods for curing composites using side emitting optical fibres.
Recently, during researching the presented work in this thesis, Yahathugoda et al. [16]

reported an experimental study of UV curing for polyester resin using a side emitting glass
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optical fibre within thick components. The work by Yahathugoda et al. [16] is from a joint
project between Pera Innovation (UK) and the University of Nottingham. No work has been
reported on the photocuring of epoxy resin systems using a side emitting optical fibre which

suggests the novelty of researching this area.

The efficiency of photocuring varies for different types of epoxy resin systems, as the
reactivity is highly dependent upon the mixing ratio of the base epoxy resin, photoinitiator
and additives which will be discussed in Chapter 2 [2]. Equally, a side emitting optical fibre,
which is available in many types, must be selected based upon its ability to transmit the
required radiation for curing. Hence, photocuring of epoxy using a side emitting optical
fibre relies upon optimising both: a highly reactive epoxy resin system and a side emitting

optical fibre which emits efficiently the required radiation for the photocuring process.

For effective photocuring of polymeric resins, resin formulations need to be matched with
the emission characteristics of the equipment used [11, 17-18]. The key factors for efficient
photoinitiated curing with and without side emission optical fibres are summarised in Figure
1-2. The chart shows two main streams: resin and radiation equipment requirements. The
resin system should consist of adjusted compositional ratios of the base resin, a
photoinitiator and additives necessary for deep curing and sufficient mechanical properties.
Deep efficient curing of resins can be achieved by using a high emission radiation source, as
the photons emitted by the radiation source would propagate efficiently to deep resin
mediums due to their high energy. The selection of the radiation source has to be based
upon its compatibility with the optical fibre that it is connected to. In addition, the emitted
spectral irradiance from a radiation source must match the absorption spectrum of the resin
system for efficient photocuring. Finally, in the case of using a side emitting optical fibre,
the material of the optical fibre must be highly transparent to the required absorption
spectrum at which the resin system cures. Hence, by applying the above key matching

factors, efficient photocuring of a resin system can be achieved.
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Photoinitiated curing system using optical fibre

Critical key matching factors

Radiation source

e Effective Irradiance E;
(W/em?) with spectral
emission matching or close to
matching resin system
absorption spectrum

e Compatible with optical fibre

l

Side emitting optical fibre

e Efficient optical transmission
of the required spectral
emission for the photocuring
process

l

Resin system

l

y

Y

Base resin & additives

e Required mechanical
properties

e Optical transmission to
deep mediums

o Efficient curing rates

Photoinitiator

e Compatible with the base
resin

e Absorption spectrum
must match, or be close
to, the radiation source
spectral emission

Curing Process

Efficient product with reasonable

mechanical properties and curing

time

Figure 1-2. Matching factors methodology for an efficient photoinitiated curing system [11, 17-18].
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1.4. Objective and Overview of the Thesis

The aim of this work is to develop a closed mould photocuring system to cure a
photoinitiated cationic epoxy resin. The curing methodology of the system is aimed to cure
the photoinitiated cationic epoxy resin by using an embedded side emitting optical fibre
with radiation exposure ranging from ultraviolet to visible blue (350 nm to 450 nm). To
accomplish the objective, different types of epoxy resins and commercial side emitting
optical fibres are characterised to establish an optimised curing system for making thick and
thin components. The experimental results of the optical fibre characterisation from Chapter
3 have already been published in a journal paper (Appendix 1.A). Appendix 1.A also lists
conference papers regarding the optimisation techniques of different types of epoxy
formulations and the curing of epoxy resin using an enhanced PMMA POF (polymer optical

fibre) which are discussed in detail in Chapter 2 and Chapter 5, respectively.
This thesis comprises six chapters, including the above introduction:

Chapter 2 contains a study in the optimisation of an epoxy resin from an extensive
characterisation of different types of UV curable cationic epoxy resins. The characterisation
carried out through experimentation includes: the time required for UV curing of resin
systems with different compositional ratios, hardness of cured samples, viscosity and
spectroscopic measurements of the radiation absorption of resin systems before and during

curing.

Chapter 3 discusses an experimental characterisation of various types of side emitting
optical fibres. The characterisation process is conducted for determining: the architecture of
each fibre, the material of the fibre components, the side emission mechanism and the

optical transmission of the side emitting optical fibres.
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Chapter 4 presents an experimental study on the effect of polymer degradation on the

transmission of a PMMA POF when exposed to high intensity UV-A and visible blue light.

Chapter 5 discusses the experimental techniques for measuring the attenuation of the
PMMA POF and enhancing the side emission efficiency of the PMMA POF by introducing
a number of fibre treatment techniques. These are used to cure thick- and thin-sectioned

composite samples using the optimised epoxy resin system from Chapter 2.

Chapter 6 contains the overall discussion and conclusions of this thesis as well as

recommendations for further work.




Chapter 2

Optimisation of Epoxy Resin Formulations

2.1. Introduction

Photoinitiated curing of polymers and polymer composites consists of two fields that make
the curing process work. These fields are: the radiation source and the resin system
formulation. In this type of curing, radiation energy is used to cause a chemical reaction
within a polymer resin. The chemical reaction transforms a liquid resin to a solid polymer
[11-12]. Resin formulation reactivity plays the main role in radiation curing. Efficient
curing requires a radiation source to emit a radiation wavelength compatible with the
photoinitiator absorption spectrum. For curing an epoxy resin in a closed mould using an
embedded side emitting optical fibre, a radiation source is used to launch the radiation into
one end of the optical fibre, and the radiation is then emitted from the side of the fibre to
cause photocuring of the surrounding epoxy resin. The fibre delivers a low radiation
intensity to the surrounding medium compared to the irradiation intensity directly emitted
by a radiation source. Hence, the reactivity of an epoxy resin system should be optimised in
order to improve its photocuring efficiency when a side emitting optical fibre is used. This
chapter discusses the optimisation of different types of epoxy resin systems in terms of
speed of photocuring, resin systems viscosity and the optical transmission of the optimised

epoxy resin systems throughout the curing process.
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2.2. Background

2.2.1. Radiation Sources

The radiation used in resin curing applications ranges from vacuum ultraviolet (VUV) to
visible yellow (250 nm to 670 nm, respectively), as shown in the electromagnetic spectrum,
Figure 2-1. The wavelength used in the resin curing process is dependent upon the resin
system characteristics. Typical wavelength bands used in resin curing applications by

radiation energy sources are summarised in Table 2-1.

G | |
d T T
10 100 1 1/100 10° alf

<«— Radiation
Energy
Gamma Rays : : : Infra-Red : Microwaves . Radiowaves
1 1 I I I
107 107 T 10° 10* 10°nm

Wavelength ——

"‘.fﬁiH:é' .
UV Hight

|
UVA 1 Blue Rec
100 200 300 400 500 600 700 nm

Figure 2-1. The electromagnetic spectrum [19].
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Table 2-1. Radiation bands used in resin curing [1, 19-23], and the types of lamps emitting irradiation

corresponding with the electromagnetic spectrum band type
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As shown in Table 2-1, there are many types of commercial radiation sources that can be
employed in the resin curing process depending upon the initiation wavelength at which a
resin formulation polymerises. For instance, Blacklight lamps or ‘fluorescent lamps’ can be
used for curing resin formulations in the UVA band [20]. Lamps are also available with
irradiation emission at different bands of the electromagnetic spectrum. Medium pressure
mercury vapor lamps with electrodes or ‘mercury arc lamps’ emit highly in both UVC and
UVA bands (Table 2-1) where typical UV photoinitiators absorb [20]. For the curing
applications in the UVA and visible blue electromagnetic spectrum bands, high pressure

mercury vapor and metal halide lamps are used. High pressure mercury vapor lamps

10



Chapter 2 - Optimisation of Epoxy Resin Formulations

irradiate intense emission in the UVA and visible blue bands (Table 2-1) [20]. Metal halide
lamps are derived from medium pressure mercury arc lamps with a modified spectral output
by the addition of metal halides to give intense emission in the UVA and visible blue bands
(Table 2-1), Figure 2-2. Metal halide lamps are also used for spot light curing equipment
provided with or without a mono-refractive index silica glass rod light guide [20, 22]. Other
lamps like electrodeless mercury vapor lamps come with three bulb options; each bulb
covers a certain band starting from UVC towards the visible light. The selection of the bulb
is dependent upon the photoinitiator absorption spectrum peaks [20]. Furthermore, an arc
lamp bulb consists of two electrodes which are separated by a gas, including neon, argon,
xenon, sodium, metal halide and mercury. Other types of radiation sources such as Light
emitting diode (LED) and Laser diode (LDs) are also used for photocuring applications.
These have a variety of wavelengths and mainly are used for localized wavelength curing.

They are also available with optical fibre connecters [23].
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Figure 2-2. Spectral output of a flood lamp with a Metal Halide D-type iron doped bulb [22].
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The appropriate selection of a lamp is based upon the match between the spectral output and
the type of photoinitiator used in a particular resin system. Designing a conventional
radiation curing application requires consideration of four major factors that lead to
successful curing results of a three-dimensional object [1, 17-18, 24]; spectral output of the
lamp, radiation intensity, resin system optical properties, and cure characteristics needed.
The cure characteristics of a resin are properties the resin exhibits all through the
photocuring process, such as depth of cure, curing speed, mechanical properties and overall

shrinkage. More details and examples can be found in Appendix B-1 ‘B1°.

2.2.2. Photoinitiated Crosslinking Polymerisation

Photoinitiated curing of resins has been studied extensively for the last two decades. In this
process the liquid resin is transformed from a liquid to a solid state using reactive species
from photolysis of an initiator, which is decomposed by irradiation. The irradiation can be
induced by photons (UV curing) or electrons (electron beam (EB) curing) [25-26]. Curing
using photons ranges from the ultraviolet (UV) to the visible blue band. For efficient
production of cations or radicals from a chemical compound (photoinitiators) mixed in a
specific resin system, the selection of the radiant source is dependent upon its efficient
photon emission. The source also must deliver sufficient energy for a photoinitiator mixed
in a specific resin system to generate a reactive acid. The photoinitiated curing process
effectively is instantaneous in coatings and printing applications. However, curing periods

increase significantly when resin thickness is increased [11, 27].
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Photoinitiator
UV or Visible
Multifunctional Blue Radiation Cross Linked
Monomer & Oligomer (Radical or Ton) Polymer

Figure 2-3. General scheme of the photoinitiated curing processes [11, 25-26].

The basic principle of the photoinitiated curing process is demonstrated in Figure 2-3. First,
the photoinitiator is mixed with multifunctional monomers and oligomers to form a
photoinitiated resin system in liquid form. Then, the resin is induced by a radiant source that
initiates the photoinitiator species causing rapid crosslinking of the polymer chain until the
liquid resin is transformed into a crosslinked polymer network (solid) [26]. The composition

of the monomers and oligomers depends upon the type of cured resin application.

Photocuring resin systems are of two major classes [11]:

e Photoinitiated radical polymerisation of multifunctional monomers, such as acrylates

or unsaturated polyesters

e Photoinitiated cationic polymerisation of multifunctional epoxides and vinyl ethers

Of the two, the photoinitiated radical polymerisation process has been used most
extensively. However, cationic polymerisation is undergoing rapid growth [26]. Both
polymerisation processes take place in three steps: initiation, propagation and termination

[1]. However, each one of these classes has a different polymerisation mechanism due to the
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photoinitiator functionality; see Appendix B-1 ‘B2 & B3’, the photocuring reaction of

cationic polymerisation of epoxide is also included in Appendix B-1 ‘B3’.

Studies showed that these two classes of polymerisation can be combined in order to make a
resin system that gives superior properties after curing. Examples of these hybrid systems

are: vinyl ether/epoxide, vinyl ether/unsaturated ester and epoxide/acrylate [11].

The photoinitiator composition ratio in both classes varies with the types of resin systems.
Increasing the photoinitiator ratio in a resin system results in top surface degradation during

irradiation and non uniformity of mechanical properties through the cured polymer [2].

2.2.3. Photoinitiated Cationic Polymerisation

Practical use of the photoinitiated cationic polymerisation process was developed in the late
1960s by employing aryldiazonium salts as photoinitiators. Subsequently, a series of
practical, shelf stable and efficient onium salt photoinitiators were developed, and hence, the

field of cationic UV curing was established [28].

The compositional mixture of a photoinitiated cationic polymerisation resin system consists

of’

e Di-functional monomers

e Photoinitiator

e Additives to modify curing or mechanical properties, such as diluents, polyols or other

monomers
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The photoinitiated cationic polymerisation process is used increasingly due to its unique

properties, such as: [1, 25, 29]

e Ring-opening polymerisation

¢ Immunity to atmospheric oxygen inhibition, unlike photoinitiated radical polymerisation

e Improved adhesion over free-radical, UV-cured coatings due to low shrinkage that varies

between 4 % to 6 % of the total resin formulation volume [1].

The advantage of using cationic polymerisation is that the polymerisation process carries-on
even after the UV radiation source is removed. This effect is known as shadow curing, post-
polymerisation or dark reaction, as mentioned by others [1, 30-31]. Dark 