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ABSTRACT

This study combines cure kinetics modelling and thermal and ultrasonic cure monitoring to
characterize the cure state of a complex commercial modified epoxy thermosetting system of
industrial importance containing two epoxies, diethylene triamine hardener, external catalyst,
aliphatic reactive diluent, and mica. Both catalyst and reactive diluent in the formulation of
two epoxy resin mixture keep this complex system odd from others and to some extent a new
one to report cure kinetics to the best of our knowledge. The cure was monitored using
differential scanning calorimetry (DSC) and broadband ultrasonic techniques over a group of
isothermal cure temperatures within corresponding acceptable time scales. The sensitivities
of both techniques to the chemical, physical, and mechanical changes associated with each
part of the cure was discussed comprehensively and critically together with an inspection of

the similarities between them coupled with qualitative and quantitative correlations.

An in depth details analysis of the chemical cure kinetics of the investigated system was
presented utilizing the model free iso-conversional method coupled with the light of physics
of advanced kinetics research. The modelling of the calorimetric cure kinetics of the epoxy
system under study was developed utilizing the empirical approach of fitting of the
experimental data to various kinetic models. The best fit model which best possibly describe
the non-typical autocatalytic cure behaviour of the resin system and predicts the reaction
course was evaluated and analyzed in details. Utilization of the maximum attained
conversion at a specific curing temperature enables this model to most closely simulate the
curing reaction under both chemical controlled and diffusion controlled conditions with
almost a reasonable degree of satisfaction over the entire range of conversion and
temperature studied without the a priori need of a glass transition temperature model. The
non-conventional autocatalytic effect and prediction of the rrimolecular catalysis mechanism
of the curing reaction was found to be manifested in temperature dependence of reaction
orders, which was elucidated and justified. In comparison to other epoxy resins without
reactive diluents, the analysis of our data shows that most possibly, the reactive diluent
increased the maximum value of calorimetric conversion and reaction rate, reduced the
viscosity, while the values of activation energy and process parameters remained within the

typical values of epoxy formulations and the crosslink density was unaffected.



The performance of each particular model tested was discussed along with their comparisons.
Implementing diffusion factor in conventional models some useful information associated
with the diffusion controlled kinetics related to our data were explored. The cure kinetics was
also analyzed from both kinetic and thermodynamic viewpoint in the context of Horie model.
This approach we employed, is, to some extent uncommon, can contribute towards a new
way of characterization and the critical understanding of the cure reaction from the micro-
kinetic standpoint providing information of the effect of reactive diluent on kinetics,
regarding reaction pathways, kinetic homogeneity / inhomogeneity associated with reaction
phase and the properties of the end product which are important to monitor and ultimately
control the cure to attain desired properties in the end material. A TTT diagram of the cure

process of this system was also constructed.

The ultrasonic compression wave velocity was demonstrated to be the most interesting and
potential parameter for monitoring and characterizing the cure process at all stages which
provided with the information of degree of mechanical property development and can detect
gelation and vitrification that occur during cure. Therefore, ultrasonic velocity measurement
could be exploited for non-destructive on-line process control in an industrial environment. It
was demonstrated that ultrasonic compression wave velocity can be used as a predictor of
calorimetric conversion measurements and thus can be used to track chemical reaction on-
line which is of potential importance for cure monitoring. Though system specific, the
methodology we utilized, at least in part, constitutes a novel way of quantifying the degree of
cure of a commercial epoxy thermoset network from ultrasonic longitudinal velocity
measurements which is interesting and promising. It was found that the DSC is much more
sensitive to changes occurring at the early stages of the cure but is relatively insensitive to the
changes occurring at the latter stage. Ultrasonic compression wave velocity shows a better
sensitivity at the end of the cure. It was also demonstrated that ultrasonic compression wave
attenuation, real and imaginary parts of compression modulus, ultrasonic loss tangent and
associated central relaxation time, also provided information of the material state and the
cure process as well. The end of cure ultrasonic data, in general, provide a convenient

assessment of final product quality.
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Chapter 1 Introduction

1.1 Introduction

Epoxy resins are used in a wide range of applications across a diverge range of
industries. They are playing an ever-increasing role in modern technology displaying
series of interesting characteristics, with bonding applications ranging from toys and
table tops to supersonic transports, with applications as primary structural materials in
composite structures ranging from critical safety components and structures in the
sector of automotive and aerospace industries to exciting space vehicle like “Space
ship One” the primary structure of which is manufactured using an epoxy/graphite
system, with applications in “joining and fastening technology” in many industries in
full swing, with applications including coatings, electronic components and
enclosures and as high-grade synthetic resins in engineering sectors, and also in
repairing ‘human’ in medical sectors (e.g. the use of UV-curing cements in dentistry

and acrylic bond cements in orthopaedic surgery) etc. and the list is virtually endless.

Epoxy resin consumption has grown, not only because of its performance capabilities
but also because of its simplicity in use and its availability in a wide range of
outstanding physical properties with remarkable advantages, making it adaptable for

the rapid evolving stream of new applications.

1.2 The Importance of the Knowledge of Cure Kinetics

The thermosetting materials undergo an irreversible chemical process called cure.
During cure the thermoset changes from low viscous liquid to visco-elastic rubber,
and finally, to a glassy insoluble solid. On the microscopic level, polymer molecules
grow into longer chains with branches and also crosslinking occurs. During the curing
process of the epoxy resin, complex chemical and thermal reactions take place
between the chemical species present in the thermosetting system. The overall effect
of these reactions is generally attributed to a single reaction scheme, called the curing
reaction. The progress of the curing reaction affects the properties of the thermoset

and subsequently imposes limitations on its processability.



Thermosetting systems are characterized by their ability to form ‘tailor-made’
products for particular applications. The properties and performance of the end
products depend on the cure mechanism, extent of the cure reaction, process
parameters like process time, temperature and pressure, the chemical mixture and
thermoset volume. Optimal curing schedules are key to achieve efficiently the desired
properties of the cured materials. Although companies manufacturing commercial
epoxy thermoset materials usually suggest cure cycles for custom applications, their
curing cycles may not be the optimal ones for special applications. The knowledge of
the cure kinetics associated with the progress of the cure reaction and the evolution of
the physical properties as the structure of the macromolecule forms during cure is
highly important and essential on an industrial scale to the establishment of an
optimum process cycle for a thermosetting system to attain the desired properties of
the final product. In particular, the study of the reaction kinetics of thermosetting
systems as a function of the processing conditions, from a macro-kinetic point of
view, is very important for the analysis and design of processing operations. For the
full potential of a thermosetting system to be realized it is vital to have a proper
understanding of the chemistry (chemical nature) of the individual components of the
resin system being used, as the reaction kinetics will have a direct impact on the

nature of the final polymer (and hence component) produced.

Moreover, the optimization of the process can enhance cost effectiveness either by
reducing the overall time of the heat treatment, or by changing the imposed thermal
profile. By optimizing the cure process, it is also possible to increase overall
manufacturing efficiency. The lack of knowledge of the optimum cure time can
prolong product manufacturing times and therefore has economic consequences. In
this connection, here, the common manufacturing process for the cure of structural
adhesives can be mentioned which is generally based on a rigorous compliance to the
cure schedule recommended by the supplier. Like mechanical fastening or welding
most of the structural adhesives cannot produce maximum bond strength instantly.
The assembled joint must be supported for at least part of the time period during
which the strength of the bond is developing. In reality, sometimes the manufacturer
needs to compromise efficiency to ensure that the bond is supported for an adequate
length of time to completely avoid the possibility of under-curing and consequently

the reduced mechanical strength. Therefore, this lack of knowledge of the optimum



time of cure lengthen product manufacturing times and thus bears economic
consequences. If the cure temperature and time are not optimum the adhesive may be
overcured or undercured during the cure. Overcured adhesives generally become
brittle and fragile, whereas undercured adhesives may be rubbery thus lacking in
mechanical strength. In the interest of component quality and reliability, it is
becoming increasingly important to monitor the cure of many industrial resins in
order to achieve the optimum curing condition for a given manufacturing process.
Monitoring enables the user to follow the physical, chemical and structural changes
that occur during the cure. Thus, it allows the detection of the state of the material
including any abnormality during the curing process and ensure consistency in

properties and performance of the final product.

The importance of the knowledge of cure kinetics becomes more obvious from the
perspectives of its financial implications. As for example, fiber-reinforced composites
are still the most common applications of epoxy resin. The superior strength-to-
weight ratio make them suitable for applications ranging from sporting goods to
aircraft components and space vehicles. However, they are relatively expensive and
cannot be recycled owing to the irreversible nature of the cure. Without the aid of an
adequate manufacturing process to produce the desired product, the final product can
only be scrapped leading to high production costs. The knowledge of kinetics of cure
enables to reduce the volume of scrap by simulating the process and limiting the range
of the controlling parameters prior to the start of manufacture. Cure monitoring can
ensure minimum amount of waste which may caused by accidental fluctuations of
control parameters during cure and intentional destruction of the composite materials

for the purposes of verification of their mechanical properties.

Proper understanding of the cure kinetics is one of the vital requirements for the
development of a reliable monitoring system. The knowledge of the curing process,
coupled with an appropriate monitoring technique can provide a better comprehensive

insight of the cure.



Epoxy resins form the mainstay of the aerospace and automotive resin market and
continue to find increasing use both as adhesives and as primary structural materials
to form safety critical structural components or adhesive layers in aerospace,
automotive, and marine assemblies. This give rise to increased demand of quality
assurance. In fact, in the interest of component quality and reliability and
manufacturing process economy, there is a requirement for techniques to monitor the
cure of the resins during the component forming process to provide essential quality
assurance data and eventually to provide the basis for real-time control of the process
itself. The proper understanding of the kinetics of cure including the
chemistry/chemical nature of the individual components of the thermosetting system
under study, coupled with major advances in instrumentation and online non-
destructive cure monitoring techniques, could pave the way of a new era of responsive
and intelligent process control. Optimized process control will require a sensor to
gather real-time process data, a cure model based on reaction mechanisms and
physical changes, correlations between molecular structure and macroscopic
properties, and an expert system to control the fabrication device. Once determined,
setting the fixed quality assurance data for each thermoset, can be used as an input for

the system.

1.3 Various Techniques of Cure Monitoring

As has already been stated cure monitoring enables the user to follow the physical,
chemical and structural changes that occur during the cure and thus allows to ‘see’ the
state of the material during the progress of cure. Basically, the monitoring of cure
process is done through recording and analysis of a selected material property that is
related to the material chemistry and microstructure. There are a number of candidate
techniques that could be used to monitor the cure of thermosetting materials and
indeed have been suggested and used so to do. The varieties of techniques are based
on the material properties which are measured in order to assess the state of the cure
process. It will be helpful to categorize these into generic types of technique, and they
are shown in table 1.1 along with the particular techniques and corresponding

parameter/ material property measured during cure.



Table 1.1 Techniques of cure monitoring.

Generic Category Techniques Parameter/material
property monitored
Chemical Techniques Fourier Transform Infrared Functional group

(FTIR) Spectroscopy

Raman Spectroscopy Functional group
Nuclear Magnetic Resonance Chemical shift
(NMR) Spectroscopy

Chromatography Molecular weight

Thermal Techniques

Differential Scanning
Calorimetry (DSC)

Heat generation (enthalpy)

Electrical Techniques

Dielectric Analysis (DEA)

Conductivity, permittivity,

loss tangent

Ultrasonic Techniques

Standard Ultrasonic Technique

Compression or shear

velocity and attenuation

Mechanical Techniques Dynamic Mechanical Analysis | Viscosity, complex elastic or
(DMA) shear modulus, resonance
frequency
Optical Techniques Fourier Transform Infrared Refractive index and
(FTIR) Spectroscopy using chemical functional group
fiber optics
Raman Spectroscopy using Refractive index and
fiber optics chemical functional group
Fluorescence Spectrometry Intensity
Hypersonic (GHz) Brillouin Spectroscopy (BS) Hypersonic  velocity and
Technique attenuation
Microstructural  Imaging [ Wide angle X-ray Scattering X-ray diffraction pattern
Techniques (WAXS)

Scanning Electron Microscopy
(SEM) with Energy dispersive
X-ray analysis (EDXA)

Intensity of electron
(commonly secondary and
back scattered electron) and

X-ray diffraction pattern

Transmission Electron
Microscopy (TEM)

Intensity of electron
(transmitted) diffraction

pattern

Standard Optical Microscopy

Intensity of light




Among the techniques mentioned in table 1.1 the most frequently used cure
monitoring techniques are differential scanning calorimetry (DSC) [1,2,3,4,5,6],
Raman Spectroscopy [3], nuclear magnetic resonance (NMR) [7,8], wide angle X-ray
scattering (WAXS) [8], dynamic mechanical analysis (DMA) [1,5], dielectric
measurements [7], and ultrasound [4,5,6,7,8].Since the design of a process cycle
depends mostly on the thermo-mechanical properties, the thermal and mechanical
techniques — these two generic methods based on the measurement of heat generation
(enthalpy) and the complex elastic or shear moduli and viscosity respectively are of

prime interest.

1.4 Characterization of Curing Process using DSC

The most common type of cure monitoring technique is differential scanning
calorimetry. In this technique a sample is heated at a constant rate (dynamic scanning)
or to a particular temperature (isothermal scanning) and the heat flow to or from the
material is monitored. Since the crosslinking reaction in thermosetting polymers is
exothermic and generates heat, the DSC can monitor this exothermic flow of heat and
a characterization of the cure state of the material is made [1,2,3,4,5,6]. The rate of
heat generation is measured in DSC. The completion of cure is then indicated by the
lack of heat generation. The heat generated to the present time is compared with the

total heat of reaction to determine the calorimetric degree of cure.

The results obtained from DSC on a thermosetting resin system can be easily
analyzed to obtain the kinetic information and thermodynamic properties. For
thermosetting resins, this technique provides valuable information on glass transition
temperature (observed as an enthalpic relaxation peak/endothermic peak), onset of
cure (observed as an exothermic event), heat of cure (integration of the area under the
exothermic peak), maximum rate of cure (the exothermic peak), completion of cure

(observed when DSC response returns to linear behaviour) and degree of cure.

The aim of the kinetic investigation of a curing thermoset resin system is, in general,
the construction of a kinetic model which can predict characteristic features of the

curing system for a given time-temperature profile. The object of modelling is to



optimize the processing parameters to obtain high-quality parts with greater
consistency and to minimize the experimental work required to establish a cure cycle
for any new parts. In the study of cure kinetics by DSC, the approach to describe the
cure behaviour by an empirical kinetic model is, at present, the most flexible, simple
and fast solution concerning the fitting of the experimental data (e.g. reaction rate
profiles). This solution allows valid predictions despite the extreme variety of

chemical reaction mechanisms.

In spite of the complexity of commercial epoxy thermosetting systems, the use of
phenomenological models to describe the chemical reaction kinetics can still be useful
in providing empirical parameters for modelling and controlling the curing process.
By taking into account the kinetic equation empirically the researchers found the
curing kinetic model to provide a very convenient way to describe the overall curing
behaviour of commercial thermal-cure epoxy thermosets. These descriptions are
useful for the modification and optimization of the cure cycle of the epoxy and other

thermosetting systems for their particular applications.

It is worth mentioning that a thermosetting TTT(Time -Temperature -Transformation)
cure diagram permits cure time-temperature paths to be chosen properly, so that the
different material state transitions occur in a controlled manner and consequently give
rise to predictable properties. Hence, such a TTT diagram might form the basis of a
molecular model to aid a manufacturer in selecting an optimum cure schedule (cure
time-temperature) to produce a cured resin with the desired properties. The diagram
indicates suitable combinations of cure temperatures / cure times required to reach the
significant events such as macromolecular gelation, vitrification and devitrification.
Such information has to be considered in selecting the optimum cure profile for a
composite part, especially if the main consideration is minimization of the duration of
cure. This is particularly important in large and complex components, where there
may be considerable variations in the thickness of the laminate. Minimization of the
duration of cure shortens product manufacturing times leading to reduction of
production costs. DSC, however, does not provide any information on mechanical

behaviour.



1.5 Basis of Mechanical Technique

The mechanical techniques are based on the change of mechanical properties of the
curing material which are measured in order to assess the state of cure [5]. The
mechanical properties frequently measured are the complex shear moduli and the
viscosity. Both the storage modulus and the shear viscosity increase with cure, the
type of increase being sigmoidal for the former and exponential for the latter. The
mechanical loss modulus initially increases to a peak and then decreases.
The measurements of the complex moduli are usually taken in a low frequency range

of up to 30 Hz.

Many of these techniques cannot be applied for on-line process monitoring (real time
assessment) in an industrial setting that can form the basis of quality assurance
procedures for adhered engineering components and structures. As for example,
dielectric and mechanical methods are unsuitable since they require a special sample

(DMA) or an insert in the joint (an electrode for the dielectric technique) and are as
such not truly non-invasive which is highly desirable for process monitoring in an

industrial setting.

1.6 Ultrasonic the state of the art

Among the techniques mentioned in table 1.1, ultrasound has the advantage that it is
non-invasive, can be transmitted through the walls of a thermoset forming tool and
can be applied to all cure states. This brings the opportunity to carry out on line, non-
destructive process monitoring because ultrasonic detection can be done without pre-
treatment of the material. However, the scientific basis for ultrasonic wave
propagation through curing thermosets is not as well established as for dielectric
spectroscopy which also have potential for applications in an industrial manufacturing
setting. Other distinct advantages of this technique include the ability of the ultrasonic
wave to propagate through a broad range of samples, including opaque materials (in
contrast to optical spectroscopy), and the high resolution in measurements of velocity,

allowing detection of concentrations down to ppm level.



Ultrasonic spectroscopy allows simultaneous measurements of two independent
parameters of materials — velocity and attenuation, both of which are very sensitive to
changes in intermolecular interactions and molecular organization. Attenuation is a
measure of the energy loss in the compressions and decompressions produced as an
ultrasonic wave passes through a material and gives information on the microscopic
structural organization of the material. Ultrasonic velocity is a measurement of the
density and elastic response of the material to the oscillating pressure and provides
information regarding its molecular organization. Ultrasonic techniques have been
shown to be an excellent tool for studying many key properties of polymer materials
either in the context of a study of the materials themselves or for the purposes of in-

process non-destructive evaluation.

First, both velocity and attenuation of ultrasound are known to be sensitive to the
viscoelastic properties, polymer chain segment motions, and the structure of polymers
[6,8]. Therefore, measurements of ultrasound absorption and phase velocity as
functions of frequency and cure time can lead to important information about the
extent of thermoset curing reaction, mechanical modulus, mechanical relaxation
processes, phase transition phenomena and structural or morphological information in

polymer systems.

Second, knowledge of the frequency dependence of the absorption co-efficient and of
the wave propagation velocity can yield values for material viscoelastic parameters
that can be incorporated into the simulation and design of adhered engineering
components and structures and can be used for industrial process control of

thermosetting materials.

Third, they may give indirect information on other process parameters for example,

temperature or pressure and
Fourth, ultrasonic waves may be used on-line for inspection of part quality.
Fifth, because of the nature of the ultrasonic wave’s propagation, ultrasonic technique

directly measures the relation between ultrasonic wave behaviour and material

characteristics on microscopic scale [4,6]. The measurement of ultrasonic parameters



reflect these changes in mechanical properties of the material during the cure process
and correspondingly in the physical state of the material in terms of the interplay
between molecular and ultrasonic architecture of the growing network. The term
‘ultrasonic architecture’ is meant to include the type and concentration of
ultrasonically active species as well as the various specific interactions that can affect

the ultrasonic signal response.

In this study, the ultrasonic properties of the curing epoxy thermoset were measured
using a broadband goniometric system. A sample of the uncured thermoset was
formed in an aluminium frame and sandwiched between two thin polyamide layers.
The sample was then positioned in a temperature-controlled heated water-filled test
cell between two conventional compression wave transducers and cured at a fixed
temperature between 30°C and 70°C. The pulser-receiver used was a Desktop
Ultrasonic Instrument (DUI, NDT Solutions Ltd.) which is combined with inbuilt
amplifier and digitizer. Fourier analysis of the transmitted pulses were utilized to
calculate the frequency dependent compression wave phase velocity and

corresponding attenuation coefficient throughout the cure process.

Ultrasonic wave propagation technique can also be applied for dynamic mechanical
analysis (DMA) or characterization of polymers and composites. The propagation of
ultrasonic waves acting as a dynamic mechanical deformation at high frequencies can
be used for the calculation of complex longitudinal bulk and shear moduli during the
cure of epoxy and other thermosetting systems. The evolution of attenuation and
velocity during cure can be related to the strong physical and mechanical changes
occurring during the cure process. The ultrasonic attenuation can be considered as the
equivalent of a damping factor in a dynamic-mechanical experiment representing a

measure of the energy loss as the wave travels through the polymer [6].

Measurements of the process parameters and material properties make possible the
control of process variables to achieve the required material properties. For
thermosetting materials the overall requirement of its final cured state is that the
physical and engineering properties of its molecular, microscopic and macroscopic

structure remain within specified limits. In order to achieve this it is required to
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monitor and ultimately control the cure reactions where ultrasound has great potential

to play a vital role.

In many cases, epoxy resin material forms part of a composite engineering structure
which itself may need to be analyzed using ultrasound for the purpose of non-
destructive testing, for example in the case of adhesive bonds and carbon fibre
composites. In order to understand and model the interaction of ultrasound with
composite materials it is necessary to characterize the propagation characteristics of
the epoxy resin itself. To characterize completely material properties, the acoustic

behaviour over a wide range of frequencies must be examined.

1.7 The Midous touch of Ultrasonic in Characterization of Polymers

For the purpose of maritime and defence applications, in April 1912 [9], ironically at
almost the same time as the Titanic disaster, when the first ultrasonic echo traveled
deep sea, then from ‘far across the ocean’ (the song of Titanic film) who had then
anticipated that perturbing through very long chain polymeric materials ultrasonic
wave can bring the wealth of information (which is much more than a simple
propagation speed available from an ultrasonic pulse) hidden inside the complex
structure of polymers? Detect their behaviour? Sketch their states in terms of the

viscoelastic parameters?

Who had then dreamt of the revolutionary look ......... that with its vital spark of
potential and midous touch a wide range of important things ultrasonic wave can
perform? Latin word ‘ultra’ means ‘beyond’; sonic means sound. Infact, ultrasound
sounds well for performing a wide variety of important things apart from sound.
Thus, really ultrasound is ‘beyond sound’ — the wave of the present and future. We
can see that ultrasound cooks, ultrasound heats, ultrasound heals, ultrasound treats,
ultrasound cures, ultrasound repairs, ultrasound cleans, ultrasound tests, ultrasound
inspects, ultrasound detects, ultrasound welds, ultrasound drills, ultrasound does not
destroys but tests (NDT), ultrasound tastes, ultrasound hard, ultrasound soft,
ultrasound moves, ultrasound relaxes, ultrasound controls, ultrasound monitors etc.

and so on — a long list.
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In 1955, acting as dynamic mechanical deformation, ultrasonic — first step into the
realm of polymer when Sofer and Hauser [10] transmitted MHz —range pulsed wave
trains through a curing polyester resin. Since then research have been carried out into
ultrasonic wave propagation characteristics, the development of transducers,

electronic systems and signal processing.

We are now bearing the fruits of marriage of developed ultrasonic technology and
non-destructive evaluation which ensure precise measurements over a wider range of
frequencies and hence brought such measurements into the realms of routine
possibility. The increasing use of ultrasound for non-destructive testing of composite
engineering structures that, in most cases, incorporate polymer components, has
brought about the need for analyzing the ultrasonic propagation characteristics of the
polymer itself. Therefore, researches on ultrasonic characterization of polymers are in

advance.

It is now well known that ultrasound has the potential to monitor cure, detect gelation
and vitrification and the molecular state of the curing material. Ultrasonic
identification now offers a fast, economical, reliable, inherently safe approach, which
has great potential for providing one of the best all-round method of characterization

of polymer.

1.8 Background, Project Material, and Objectives of the Present Investigation

1.8.1 Background

One of the most basic and fundamental requirements in engineering is to join
components together. The structural adhesives that have been widely used in the
aerospace, automotive, and rail industries, are not only able to bond conventional
metallic substrates, but can also join diverse substrates like plastic, wood, glass, and
ceramic materials. Adhesive bonding offers a number of advantages over traditional
joining techniques. The advantages include improved stress distribution, improved
corrosion resistance, ability to join dissimilar materials, lighter weight, lower cost,
greater flexibility in manufacturing etc. As a result the industrial use of epoxy resins

as load bearing structural adhesives has grown rapidly, but to some extent their use
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has been hampered by three factors — (i) a lack of through knowledge of the cure
kinetics, (ii) an inability to measure the degree of cure online, and (iii) inadequate
post-cure inspection procedures. As a result high safety factors have to be engineered
in at the design stage and the full potential of the benefits of adhesive bonding are not
being realized, thus there is a need for improved non-destructive evaluation (NDE)

and non-destructive testing (NDT) methods.

Despite the considerable current research effort in the field of cure of epoxy resins,
numerous issues have yet to be addressed. As for example, (i) from a microscopic
standpoint, our understanding of the way in which a cross-linked epoxy structure
develops has lagged behind the extent to which joining technologies use these
adhesives, leaving a gap in our basic scientific understanding of the cure process. (ii)
Also, there is a number of partially conflicting explanations proposed for the reaction
mechanisms of the cure of epoxy systems. (iii) Moreover, determination of the
reaction order from experimental data can be difficult and confusing in some reaction
systems and hence, reaction kinetics differing from first to third order have been
reported. (iv) Furthermore, though the focus of much research has been on the study
and understanding of cure kinetics of epoxy-amine reaction, almost little effort has
been made to establish the relationship between chemical extent (or degree) of cure
and physical properties of epoxy-amine thermosets, which are of prime importance to

achieve optimum process control for industrial setting.

1.8.2 Project Material

There are mainly six chemical types of structural adhesives available commercially;
epoxy, polyurethane, polyimide, poly or vinyl ester, phenolic and acrylic. The most
common structural adhesives used in safety critical applications are epoxies and
polyurethanes. Among these various types of structural adhesives, epoxy has been the
standard chosen adhesive employed by industry for applications where high strength

over a wide operating temperature range and chemical tolerance are required.

The resin system under study is a complex modified epoxy system containing epoxy
(DGEBA/DGEBF mixture), diethylene triamine (DETA) curing agent, external
catalyst 2,4,6 - tris (dimethylaminomethy!) phenol, epoxy-based reactive diluent 1,4
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Butane diol diglycidyl ether (BDGE), and mica which usually is used in epoxy system
as filler. Epoxy resin has been chosen as the material of study in this project for its
extensive use in safety critical applications in the automotive (British motor industry)
and aerospace (Airbus) industry with which our Applied Ultrasonic Laboratory at
University of Nottingham has several collaborations through UK Research Council
for Non-Destructive Evaluation (RCNDE).

The curing reaction of the catalyzed multifunctional unmodified epoxy-amine system
has been described by various authors, but there is less information when both catalyst
and reactive diluent is used in the formulation of two epoxy resin mixture. This keeps
the system odd from others and, to some extent, a new complex one to report cure

kinetics to the best of our knowledge.

Many modifications have been carried out on the resin by adding promoters, fillers,
and plasticizers to suit the application environment and the manufacturing conditions.
Reactive diluent is considered one of these structure modifiers which enables to

reduce viscosity in order to aid general processability.

1.8.3 Objectives of the Present Investigation

The present investigation, in general, focuses on the ultrasonic and thermo-kinetic
behaviour of a commercial structural stoichiometric ratio mixture modified epoxy
resin system during the cure process over a group of isothermal cure temperatures

within acceptable cure time scales.

With the aid of combination of Ultrasonic and DSC cure monitoring techniques, the
present study attempts to narrow the gaps [(i)—(iv) mentioned under the ‘background’
section 1.8.1] in understanding, to some extent, by determining a quantitative
correlation between degree of cure and ultrasonic compression wave velocity which
can be considered the most interesting parameter for cure monitoring as it follows the
growth and evolution of the mechanical stiffness (physical property) of the resin

during cure.
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The main objectives of the research are as follows —

1.8.3.1 Thermo-kinetic characterization using DSC

(1) To evaluate the cure kinetics and analyze the curing process of the epoxy system
under study using isothermal differential scanning calorimetry (DSC) data with the
aid of iso-conversional method which enables us to determine the exact effective
activation energy value obtained as a function of conversion, and thus useful in

predicting the curing behaviour coupled with the cure mechanism.

(2) Modelling of the isothermal calorimetric cure kinetics of the epoxy system under
study utilizing the empirical approach of fitting of the isothermal experimental data to
various kinetic models, in an effort to find the model which best possibly describe the

reaction behaviour of the resin system and predicts the reaction course.

(3) To explore some in depth information associated with the diffusion controlled
kinetics due to vitrification related to our isothermal data implementing diffusion
factor in conventional models. To analyze and discuss the performance of each
particular model tested along with their comparisons which will be interesting and

useful from the perspective of kinetic modelling.

(4) To evaluate kinetic and thermodynamic parameters and analyze the cure kinetics

from both kinetic and thermodynamic viewpoint in the context of associated model.

(5) To explore the overall effect of the reactive diluent in the cure kinetics of this

modified epoxy system under study.

(6) To construct a TTT phase transition diagram of the isothermal cure process of this

epoxy-amine system.
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1.8.3.2. Ultrasonic characterization of curing and comparison with DSC
characterization

(7) To characterize the curing process of the epoxy system under study using
ultrasonic compression wave velocity and its corresponding attenuation data at a fixed

frequency at various isothermal temperatures.

(8) To carry out secondary calculations from the ultrasonic velocity and attenuation
data at the fixed frequency at the various isothermal temperatures so as to produce
derived functions like real and imaginary parts of compression modulus, ultrasonic
loss tangent and associated central relaxation time, to characterize the material state

and the cure process.

(9) To analyze the effect of temperature and frequency on ultrasonic data (velocity,

attenuation, modulus, loss tangent).

(10) To characterize the curing process using frequency-dependent ultrasonic

compression wave velocity and its relative attenuation data.

(11) To inspect the potential of ultrasonic technique in predicting gelation and

vitrification.

(12) To compare the results associated with ultrasonic and DSC techniques to
elucidate the sensitivities of both of the techniques to the chemical, physical, and
mechanical changes associated with each part of the curing process together with an

examination of the similarities between them.
(13) To inspect the qualitative and quantitative correlations between ultrasonic and

kinetic parameters, in particular, correlation between ultrasonic velocity and

calorimetric conversion.
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1.9 Overview of the Thesis

The thesis is structured as follows —

Following the present chapter (chapter 1), where the advantages of the knowledge of
cure kinetics along with thermoset cure monitoring, associated techniques, the
necessity of online non-destructive evaluation are highlighted and an brief overview

of the project under study is presented,

Chapter 2 reviews epoxy resins focusing on their advantageous properties,
applications, synthesis, modifications and chemical reactions and associated

mechanisms of cure.

Chapter 3 is divided in three parts: First, a review of the theoretical background to
kinetics model coupled with the modelling attempts, which have been developed to
describe chemical cure kinetics of thermosetting systems is given. The second part
reviews the effect of temperature and time on the evolution of the cure cycle in
connection with Time - Temperature - Transformation (TTT) cure diagrams, which
focuses on cure as a process involving physical transformations. Finally, in the third
part, the factors and fundamentals behind the final cure properties of thermosets is

reviewed.

Chapter 4 gives information about the epoxy material investigated in this study along
with the differential scanning calorimetric experiments, which have been performed

for the thermo-kinetic characterization and modelling of its curing behaviour.

Chapter § presents the results of the isothermal chemical cure kinetics behaviour and
glass transition development of the epoxy system under study using differential
scanning calorimetry. The results are interpreted and discussed. In addition, an in
depth details analysis of the cure kinetics of the investigated system is also presented
utilizing model free iso-conversional method coupled with the light of physics of

advanced kinetics research.
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Chapter 6 deals with the modelling of the isothermal calorimetric cure kinetics of the
epoxy system under study utilizing the empirical approach of fitting of the
experimental data to various kinetic models. The best fit model which best possibly
describe the reaction behaviour of the resin system and predicts the reaction course
has been evaluated and analyzed in details. The performance of each particular model
tested has been discussed along with their comparisons. Implementing diffusion factor
in conventional models some in depth information associated with the diffusion
controlled kinetics related to our data is explored. The cure kinetics has also been
analyzed from both kinetic and thermodynamic viewpoint in the context of Horie
model based on mechanistic approach. The overall effect of the reactive diluent in the
cure kinetics of this modified epoxy system under study is also explored. A TTT
phase transition diagram (theoretical) of the isothermal cure process of this epoxy-

amine system is constructed.

Chapter 7 gives the theory and fundamentals of ultrasonic wave propagation in
polymers, reviews viscoelasticity and relaxation in polymers along with various
viscoelastic models of wave propagation and distribution of relaxation times. This
chapter also critically reviews typical ultrasonic results related to evolution of
structure in curing thermosets, the effect of temperature and frequency on ultrasound

data and the potential of ultrasonic technique in defining gelation and vitrification.

Chapter 8 gives a description of the experimental apparatus and techniques of
ultrasonic measurements that have been used in this project for the characterization of

the curing epoxy resin under study.

Chapter 9 presents the results and analysis of ultrasonic characterization of curing
and comparison with DSC characterization. The sensitivities of DSC and ultrasonic
techniques to the chemical, physical, and mechanical changes associated with each
part of the curing process are discussed comprehensively and critically together with
an examination of the similarities between them coupled with qualitative and
quantitative correlations. The ultrasonic compression wave velocity (at SMHz) has
been demonstrated to be the most interesting and potential parameter for monitoring

and characterizing the cure process at all stages of the cure including detecting the
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material state transformations that occur during cure. Therefore, its measurement

could be exploited for non-destructive on-line process control in an industrial

environment. Also, it can be used as a predictor of calorimetric conversion

measurements observed by DSC and thus used to track chemical reaction on-line.

Chapter 10 presents the conclusions of this study along with the suggestions for

further investigation arising from this work.
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Chapter 2  Epoxy Resins

2.1 Introduction

The epoxy resins are the most versatile of the modern plastics. In terms of complexity
of technology, variety and breadth of application, epoxy resins are superior to all
other plastics and resins. They have penetrated into more industries and more
manufacturing operations in a shorter space of time than any of their predecessors.

Many of these uses depend on the adhesion of epoxies to surfaces.

But epoxy resin adhesives have an interesting past, in that the basic resins were
discovered in fields not concerned primarily with adhesives [5]. The ‘first’ epoxy
resin saw the light of day in 1936 with Pierre Castan’s (of Switzerland) development
of epoxy resin resulting from the reaction of epichlorohydrin and bisphenol A. He was
specifically interested in the manufacture of dentures and other casting applications

and his discovery was eventually licensed to Ciba Corp., Ltd.

The first superglue of nature is ‘gluons’ (carriers of the strong force, have properties
like photons), which bind all things from here to eternity [1].The term ‘epoxy’ has
come to mean a “superglue” which bonds almost anything to anything. Although this
is certainly an exaggeration, epoxy adhesives will bond to a wide variety of materials

without requiring heat or pressure in most cases.

Epoxy adhesives are probably the most commonly used structural adhesive at present.
The terms ‘epoxy resin’ and ‘structural adhesive’ are today almost synonymous [4].
In addition to enjoying the general advantages of adhesive bonding (which is
described elsewhere [5,6,7,9 ]) over mechanical fastening, epoxy resin adhesives offer
clear advantages over the other synthetic bonding materials. They are used in a wide
range of applications across a diverge range of industries. They are playing an ever-
increasing role in modern technology, with bonding applications ranging from toys
and table tops to supersonic transports, and also in repairing human beings and this
includes the use of UV-curing cements in dentistry and acrylic bond cements in

orthopaedic surgery [6].Epoxy-adhesive consumption has grown, not only because of
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its performance capabilities but also because of its simplicity in use and its
availability in a wide range of outstanding physical properties, making it adaptable for

a constant stream of new applications.

2.2 Advantageous properties of epoxy resin

Thermosetting epoxy resins possess a number of unusually valuable properties
immediately amenable to use throughout the world for a multitude of purposes. The

more important of these properties are—

1. Adhesion - epoxies are one of the best adhesives for bonding a wide range of
adherends, in both specific and mechanical adhesion. They adhere well to most
metals, plastics, wood, glass, concrete, ceramics. This is due to their good wetting and
penetrating ability, their low viscosity, and the presence of highly polar groups in the
molecule. Wetting allows the adhesive, in a low-viscosity liquid form, to come into
intimate contact with the adherend, which allows the adhesive forces to become
active. In fact epoxy molecule also contains a variety of functional groups, both polar
and nonpolar which provides good affinity between dissimilar substrates, such as
metals to plastics or concrete to rubber. The chemical basis of adhesive properties of

epoxy resin is discussed later.

2. Cohesion - The internal strength of epoxies to resist cohesive failure is generally
good, although this may be affected somewhat by the choice of fillers, modifiers and
bond-line thicknesses. When properly cured they have such a high cohesive strength
that, when taken with their adhesive strength, failure in the adherends usually occurs
before failure in the epoxy resin or at the interface. If preparation and application
processes are properly done, the internal strength of epoxy will often surpass that of
thin-gage metals, plastics, glass, concrete, and wood. However, with heavy metallic
adherends, and surfaces properly prepared, cohesion strength will be lower than

adhesive strength and will therefore be the limiting factor in adhesive-joint design.

3. 100 percent solids (reactive)--Epoxies cure without releasing moisture or other
by- products. Only in special instances are solvents necessary. A 100 percent solid

(reactive) adhesive reduces drastically the possibility of entrapped gases, voids, and
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porosity in the bond line which would significantly lower bond strengths. Solvents
and entrapped moisture will cause serious corrosion problems in metal bonding. This
is the reason it is possible to bond successfully to metal with epoxies using only
contact pressures, because it is unnecessary to provide for water removal (as in
phenolics) and solvent removal ( as in elastomer emulsions). The 100 percent solids
content of epoxy also makes it convenient for rapid assembly-line bonding to

nonporous surfaces such as glass and metals.

4. Low shrinkage factor (very little weight-loss) during cure--- In the liquid state,
the epoxy resins are highly associated. Cure is by direct addition, and shrinkage is on
the order of < 2 per cent for an unmodified system, indicating that little internal
rearrangement of the molecules is necessary. Consequently, shrinkage stresses are

minimized, resulting in a stronger and more durable bond.

Low shrinkage stresses are important in bonding dissimilar materials. Because of the
difference in coefficient of thermal expansion between dissimilar materials, major
mechanical stresses are almost always present, and so epoxy adhesives which add
little or no additional shrinkage stress are needed to prevent bond failure. The low
shrinkage of epoxy during cure also aids in holding tolerances, and this becomes more
important in operations where bond lines are thick or surfaces are poorly mated,

especially with elevated-temperature cures.

5. Low-heat and-pressure cures (good handling characteristics)---Many epoxies
can be cured with contact or low pressures at room temperature. However, there are
also many epoxy adhesives (designed to do specific jobs in aerospace and other
critical applications) that give better results if heat and/or pressure are used. The ratio
of curing agent to resin is not as critical as with some thermosetting materials. In
many cases, pot life, viscosity, and cure schedules can be accommodated to the

production situation without seriously influencing the properties of the cured system.

Most epoxy adhesives are less sensitive to variations in bond-line thickness than other
adhesives and so can tolerate wider variations in curing temperatures and pressures.
Therefore, production methods are simpler, production rates faster, and production

tolerances easier to maintain.
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6. Low creep under load --- Epoxy, when cured, matintains its shape under prolonged
stress and adverse environments longer than most adhesives, especially as compared
with thermoplastic adhesive. Creep, or ‘cold flow’, is of serious concern where
mechanical loading is high and where tolerances are critical. Because epoxy adhesives
give excellent service under those conditions, they are the logical choice. At elevated

temperatures polymers become more susceptible to creep [4].

7. Resistance to moisture and solvents --- Unlike many other adhesives, cured
epoxies are practically insensitive to moisture. Although moisture will penetrate most
epoxies and may create interfacial problems at the adherend faying surface (i.e.the
surface of a material in contact with another to which it is or will be joined), moisture
does not seriously degrade the cohesive properties of epoxy. It should be pointed out
that problems with moisture which do occur in epoxy bonding are more apparent

when epoxy is cured or used at elevated temperatures.

Due to very high chemical inertness, epoxies have outstanding resistance to solvents,
weak acids, and alkali compounds. This accounts for their rapid growth in the
coatings and sealants field. The ether groups, the benzene rings, and, when present,
the aliphatic hydroxyls in the cured epoxy system are virtually invulnerable to caustic
attack and extremely resistant to acids. The chemical inertness of the cured epoxy
system is enhanced by the dense, closely packed structure of the resinous mass, which

is extremely resistant to solvent action,

8. Versatility (Epoxies are readily modified)-- This is a major reason epoxies have
rapidly grown in favour as bonding agents. Numerous curing agents for epoxies are
available, and epoxies are compatible with a wide variety of modifiers. Their
compatibility with many modifiers allows them to be formulated for a wide scope of
applications, not only for new design concepts but also for improvements in

established designs.

Under appropriate conditions the epoxy ring may react with at least 50 chemical
groupings. Because of the wide range of resins and curing agents, it is also possible to
arrange for epoxy systems to cure at a variety of rates (rapidly or slowly) over a wide

range of temperatures (temperature range from 0 to 200° C), and some control over
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the final network structure is available through choice of curing reagent or mix of
reagents. One noteworthy example is polymercaptan curing agent, which, when used

with an accelerator, would cure resins at an acceptable rate at 0° C.,

By the modification techniques (stated later), epoxy resin adhesives can also be
produced in many different physical forms, such as liquids, pastes, putties, powders,
rods and supported films with a wide range of properties. In rubber modified epoxy
resin by adding rubber in an epoxy matrix substantially improves the toughness of the
adhesive whilst retaining other properties such as stiffness, creep resistance and high

temperature properties.

9. Good mechanical and electrical properties---Epoxy systems are especially
valuable not only because of their good electrical properties (very high resistivity),
but also because of their very good physical and mechanical properties at normal and
elevated temperatures, and their ease of fabrication into complex shapes. Cured
epoxides have a high level of mechanical strength, which is retained at elevated
temperatures and also have outstanding toughness which has been attributed to the
distance between crosslinking points and the presence of integral aliphatic chains. At
present, certain epoxy systems are able to withstand long-term exposure to

temperatures of the order of 210-260° C [9].

10. Wide viscosity range--- Epoxies exhibit a wide range in viscosity, from less than

1000 centipoises to high-melting-point solids.

2.3 Structure of the basic epoxy-resin molecule

The epoxy-resin molecule is characterized by the reactive epoxy groups (also known

as ethoxyline or oxirane groups)
O\
—C—C—

which serve as terminal linear polymerization points. By definition all epoxy resins

must contain at least two epoxy groups per molecule within their structure. The
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epoxide group consists of a planar three-membered ring of two carbon atoms singly

bonded to an oxygen atom. It is the chief centre of reactivity of epoxy resins.

If this ring is reacted with suitable polyfunctional hardeners then a three dimensional
structure may be developed . The geometry of the ring is such that reactions involving
either electrophilic attack on the oxygen atom or nucleophilic attack on one of the

carbon atoms are possible as shown in figure 2.1.

E

Figure 2.1 Mechanisms for the opening of the oxirane ring by either a nucleophile
(NU) or an electrophile (E) ( after Hamerton [19].)

In its simplest and idealized form, the epoxy molecule is represented by the diglycidyl

ether of bisphenol A

-0 ‘ (IJH, O\
TN
. qu.-cn—-cnr—oO—lo—O—o-—CHf—c{*cn,

. CHs

The most widely used liquid epoxy resins, those having viscosities in the 8,000 — to
20,000 - centipoise range, are predominantly of this structure. Since the commercial

resins are not molecularly distilled, they contain some percentages of higher-weight
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homologs, branched- chain molecules, isomers, and occasionally monoglycidyl ethers
in combination with the basic structure. The high-viscosity liquid and the solid
commercial resins are predominantly composed of more highly polymerized products

considered as homologs of diglycidyl ether of bisphenol A.
2.4 Synthesis of the basic epoxy-resin molecule Diglycidyl ether of bisphenol A

Diglycidyl ether of bisphenol A is obtained by reacting epichlorohydrin with

bisphenol A in the presence of a caustic:

o

/ \ Na
1) «-—Q—OII + Cfl,—CH—CIH,— Cl 2%
ol
-©—-O~ CHy— CH—CIH,—Cl

NaOH

(IJH
CH—CII;—C] —

@) MO—O~CIL
0
7\
MQ—O——CIIg———CII——-—CHz + IICI

In order to obtain the diglycidyl ether of bisphenol A, 2 mols of epichlorohydrin are

theoretically required for each mol of bisphenol A:

0 CIL,
7\ J:
2(Ci1,—CI— CH,—Cl) + IIO—Q— ] —O—on -
CH,
0 CH, 0
N | N
(/Hr——CII——CIIr—O—~©—(l}—©—O——CH¢—CII—~—-CH,

CII,

2.5 Synthesis of higher-molecular-weight epoxy resins

The general formula for higher-molecular-weight epoxy resin may be written:
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where n is the number of repeated units in the resin chain. Because of the varying
number of repeat units (n) which can be incorporated into the resin, variation in the
molecular weight of resin and thus, in turn, a variety of resin properties (especially the
range of viscosities) can be achieved. When n=0, the molecular weight is 340; when
n=10, about 3,000. For n going from 0 to 12 the resins change from liquids to low
melting solids at room temperature. It should be noted that each such molecule
contains as many alcoholic hydroxyls as there are n groups and, provided that the
molecule is linear with no side branches, no more than two epoxy groups. Figure 2.2
shows the magnified atom model of epoxy-resin molecule compared with structural

symbols.

BISPHENOL
GROUP

ETHER

ETHER BOND
BISPHENOL BISPHENOL
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GR BOND ETHER ETHER HYDROXYL GROUP ETHER GROUP

D BOND
BON BOND
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¢

Figure 2.2 Atom model of epoxy-resin molecule compared with structural symbols
(diglycidyl ether of bisphenol A, degree of polymerization of 2) (after Lee and Neville
[10]).



2.6 Curing of epoxy-resins

Epoxy adhesives may be produced by either condensation polymerization or addition
polymerization and cured by either condensation polymerization or addition
polymerization. A condensation reaction is one in which monomers are joined through
the elimination of water or other small molecules such as alcohols. The reaction of
adipic acid and hexamethylenediamine to produce the polyamide nylon 6,6 and water
is a well known example. Addition polymerization as the name suggests involves the
addition of monomer units to one another to form the polymer. A well known
example is the polymerization of propylene to form polypropylene. Addition reactions
occur through either free radical, cationic or anionic mechanisms depending on how
they are initiated. Three steps are involved to form the final polymer structure—chain

initiation, chain propagation and chain termination.

In chemical curing process the epoxy adhesive is applied in the monomer or small
polymer condition and a crosslinked structure forms during the cure by the use of
either a curing agent or a catalyst. Curing agents, which are also called accelerators,
are used up in the curing process. They become part of the final crosslinked structure.
Catalysts are special chemicals added to make the adhesive components more
reactive. They do not form a significant part of the final adhesive film. Figure 2.3

illustrates the functions of curing agents and catalysts.
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Figure 2.3 Functions of curing agent and catalyst.
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Heat may be used with either accelerator- or catalyst-type systems to shorten the cure
time. The curing reaction is exothermic, that is, heat is evolved during the
crosslinking process, which causes an increase in the temperature of the system. This
is often called ‘exotherm’ and can reach high levels, perhaps 150-200°C or above.
When converted by a curing agent, the thermosetting resins become hard, infusible
systems. The system may be visualized as a network cross-linked in all three
dimensions. In a plane it might appear as in figure 2.4. It can be seen from the figure
that movement of a molecule in any direction is opposed by the crosslinking

arrangement.

Figure 2.4 Schematic illustrating cured structure

2.6.1 Over-and under-curing

Regardless of the curing method used, it is important that the adhesive be neither
undercured nor overcured. Overcuring results in adhesives which have too many
crosslinks, they are generally brittle and do not adjust to mechanical impact or
expansion and contraction with changing temperatures. Undercured adhesives do not
have enough crosslinks. They may be ‘cohesively weak’ and may also be subject to

excessive moisture absorption, further decreasing their cohesive strength.
2.6.2 Epoxy reaction mechanism

The resins cure into thermoset compounds by three reactions:

(1) Direct linkage between epoxy groups,

(2) Linkage of epoxy groups with aromatic or aliphatic hydroxyls, and

(3) Crosslinkage with the curing agent through various radicals.
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It is obvious that in any highly crosslinked system there will be reactive groups which

are sterically hindered from reacting [14].

2.6.3 Basic mechanism of opening of epoxy group

Epoxy resins in the pure or uncontaminated state possess indefinite shelf life. They
are chemically stable at temperatures up to 200°C. Once produced, the resin may react

in one of two ways, either anionically or cationically.
1. Anionic Reaction
In the anionic reaction the epoxy group is opened to produce an anion as shown in

figure 2.5. The anion produced is an active species and is therefore capable of further

reaction.

X°+ —C—C—
/ .n

X
Epoxy group Epoxy anion

\C/°\< A

Figure 2.5 Anion formation from the epoxy group ( after Lee and Neville [14] ).
2. Cationic Reaction

During the cationic reaction the epoxy group is opened by an active hydrogen to give
a new chemical bond and an hydroxyl group. This means there is a number of ways in
which the cationic mechanism may proceed, and three possible routes are shown in
figure 2.6. The two reaction mechanisms allow the epoxy group to react with many
chemical groupings. The cationic route means that epoxy resins may be cured by
basic curing agents. Basic curing agents commonly used are-—Lewis bases, inorganic

bases, amides and secondary and primary amines.
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Figure 2.6 Possible cationic reactions ( after Lee and Neville [14] ).
2.6.4 Polymerization through epoxy groups

The reactivity of commercial epoxy resins is enhanced by the ether linkage, which
even though separated by a methylene group (— CH; — ) from the epoxy ring exerts
an extremely strong activating effect. Because of this reactivity, the epoxy group may
be readily opened not only by available ions and active hydrogens but even by tertiary
( R3N ) amines. With tertiary amine cures, epoxy-epoxy polymerization may occur.

The opening of the epoxy group is believed to take place in the following manner[10]:

0
AN o
R:N 4 CHy— CH~w~ — RN3—CHy—-CHonw

be

Assuming that this ion is capable of opening a new epoxy group as follows

0
~~~~CHy—CIT~ + CHy——Cllowr — e CHy— CHoooemn
0e 5
l
CH,—CHowr
be
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the reaction may then proceed to result in a very long chain system as shown below.

e~ CHo— 'CHM

0O
(lng——CIIM
b
(IJHz—-CHM
5
CIJH r—CH~nnr
5
(IDHg— CH~—

0o
2.6.5 Polymerization through hydroxyl groups

Epoxy groups will react

(1) with hydroxyl groups introduced into the resin by the curing agent or modifiers,

(2) with hydroxyl groups present in the resin chain of higher-weight homologs,

(3) with hydroxyl groups formed as an epoxy group is opened by an active hydrogen
during cure, and

(4) with various phenolic hydroxyls present as unreacted phenol, bisphenol,

resorcinol, etc.

The epoxy groups, if uncatalyzed, do not react readily with the hydroxyl groups
present along the higher-weight resin chain as evidenced by the stability of
uncontaminated resins at temperatures up to 200°C. However under suitable
conditions, once the epoxy-hydroxyl polymerization is started, it proceeds very

rapidly.
The first step of the epoxy-hydroxyl reaction may be represented [10]:
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Although two isomers are possible, either provides a new hydroxyl group which is
susceptible to continued polymerization. Showing further reaction of the o isomer, for

example, to proceed through hydroxyls,
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RO—CH;—CH~~ 4 CHy—— CIln —

OH
RO—CHy—CIl

I

O—CH -CHomeee
|
oH

a structure very similar to that postulated for the epoxy-epoxy reaction cured
compound will result [10]. The reaction, as before, can continue until a high degree of

crosslinking is achieved.

2.6.6 Curing by crosslinking agents

Epoxy resins may be cured by using a reactive intermediate to join the resin chains.
The principle reactive crosslinking agents are polyfunctional primary and secondary
amines and dibasic acids or acid anhydrides. However, polyfunctional phenols such as
bisphenol A and resorcinol have also been suggested as crosslinking agents and are
sometimes used in conjunction with other curing agents.

2.6.6.1 Primary and secondary amines

Both aromatic and aliphatic amines are used as hardeners, and the stoichiometry is

that one epoxide ring will react with one amine-hydrogen atom in a condensation
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polymerization. Curing with aromatic amines requires elevated temperatures, the
cured adhesives have higher glass transition temperatures and the joints tend to be
more durable. Polyfunctional primary ( RNH; )and secondary ( R,NH) amines are
widely used as curing agents for epoxy resins. Room—temperature curing epoxies are
usually based on aliphatic amines or the polyamine-amide components marketed as
‘Versamids’. Each primary amine group is theoretically capable of reacting with two

€poxy groups.
The reactions possible with primary amines are:

1. Reaction with an epoxy group to form a secondary amine

H
AN !
RNII; + Cll;— CH~— — RN—CIIg——(}?HW
ol

2. Reaction with another epoxy group to form a tertiary amine

oI
11 0 CH =l
R Oty Clfeer + Offy—CHome — BN
o OH | N CHo Cllen
ort

3. Reaction of hydroxyls so formed with epoxy

)
e Gl + CI{-, \CH — CH
OII (')
(|JH2—CIIW-~'
i
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Under normal conditions, the two amine-epoxy reactions predominate and proceed at
approximately equal rates. The resulting tertiary amine is too weak catalytically to
react any further. Studies have shown that primary amines react about twice as fast as
secondary amines [10] and figure 2.7 shows how the concentrations of the primary,

secondary and tertiary amines change as a function of time.
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Figure 2.7 Progress of amine-epoxy reaction in terms of primary, secondary and
tertiary amines (after Lee and Neville [10]).

As the primary diamine is difunctional with the resin, if more than one primary amine
is present per molecule (as with a diamine ), cross-linked structures will result through

reaction with diepoxies as shown in figure 2.8.

The main reasons for using primary diamines as curing agents are —

(i) that a significant proportion of the hardener is incorporated into the cured resin
which means the final structure may be varied by varying the amine used,

(ii) amines have low viscosity and are easily mixed with the resin and

(iii) they are reactive enough to react with the epoxide group at ambient temperatures.

The reaction mechanisms of amido-polyamines are assumed to be similar to those of

amines but with reduced reactivity due to steric hindrance.

35



— CH—— AAAAA— , + H;N—R—NH
< N :

; ,,l _ ;f-ﬁ-w

ANNAAN— CH— (& /CH—- CH—AAANAAN~ CH—
N—R—NL N—R—N

AAAAAN— X:— o CH—(T:{—AAM/\— (Lﬂ_r:{_ MA/%

Figure 2.8 Reaction between an epoxy resin and a primary diamine hardener.
2.7 The adhesive properties of epoxy resins

The high adhesive strength of epoxy resins is said [12] to arise from the polar groups
in the resin, aliphatic hydroxyl and ether groups. The epoxy groups are lost on curing
[3]. These will also be present in the cured system as well as polar groupings from the
curing agent, for example amino groups from amine curing agents. The polarity of
these groups serves to create electromagnetic bonding forces between the epoxy
molecule and the adjacent surface. The epoxy groups, likewise, will react to provide
chemical bonds with surfaces, such as metals, where active hydrogens may be found.
Since the resin passes relatively undisturbed (i.e. with only slight shrinkage) from the

liquid to the solid state, the bonds initially established are ‘preserved’.

By studying the static dielectric constant of epoxy resins in the liquid state de Bruyne
[11]( who, in 1939, first used the word ‘adherend’) concludes that, *“ Epoxy resins
behave as a collection of hydroxyl and epoxy groups acting quite independently of
one another and without regard to the molecular weight of the hydrocarbon backbone

to which they are attached ”.

Glazer [13] spread monolayers of epoxy resin onto a water surface to obtain a
simplified model of an adhesive joint. He determined that the “epoxy groups and the
hydrocarbon backbone” were factors determining the cohesion of the film but that

adhesion (related to the collapse pressure of the film) was dependent on the
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“hydroxy! group concentration”. Although these studies were carried out on a model
system with uncured resin it is conceivable that in a practical situation adsorption
through hydrogen bonding of the hydroxyl groups to the metal oxide surface might

occur before curing.

De Bruyne [11] prepared adhesive joints with resins of different epoxy content and
found that the breaking stress of the joints was proportional to (hydroxyl content)™” .

However, he also points out that stresses formed in the joint on curing decrease with
increasing hydroxyl content, so that it would not be correct to ascribe adhesion

directly to the adsorption of hydroxyl groups at the interface.

Hydrated oxide layers on metals all seem to be capable of forming good bonds with
epoxide resins. This may be due to the formation of hydrogen bonds between the
hydroxyl groups that are produced when epoxide adhesives are cured and similar
groups on the surface [8]. However, water is a hydrogen-bonded liquid and it may
compete with the adhesive in the formation of hydrogen bonds with the substrate with

the result that the joint will be weakened by water.

Basically, a disadvantage of adhesives as a means of joining is that they are generally
weakened by water and its vapour. Also, their service temperature ranges are less than
for metal fasteners, being limited by their glass transition temperature (T,) and
chemical degradation. Indeed the basic reasons why water is generally aggressive to
adhesive bonds is that it has a very high polar component of surface free-energy, and
all adhesives contain polar groups. There are two processes involved in the
deterioration of joints under the influence of moisture [3]. Those of absorption of

water by the adhesive and its adsorption at the interface by displacement of adhesive.

In this connection it is interesting to mention the De Proprietatibus Rerum (The

properties of things)....1250 AD -
“When a plate of gold shall be bonded with a plate of silver or joined thereto, it is

necessary to beware of three things, of dust, of wind and of moisture: for if any come

between the gold and silver they may not be joined together..."” [1).
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2.8 Modification of Epoxy resin

The simple resin-curing agent combination alone seldom provides a material with all
the properties required for use in a given application. In commercial practice, in fact,
seldom is the unmodified resin employed except in laminating. Therefore, basic

epoxies are usually modified by one or more of the following methods:

1. Chemical modification of the base resins and/or curing agents.

2. Incorporation of various modifiers such as inert fillers and pigments, reactive
diluents, flexibilisers, reinforcements etc. which will be discussed shortly.

3. Alloying with another resin (resinous modifiers).

Some modifying materials frequently perform more than one function at the same

time, thus a diluent might also be a flexibiliser or a cure accelerator [9].

2.8.1 Chemical Modifications of base epoxy resin

Most commercial epoxy resins are diepoxides made from bisphenol A and
epichlorohydrin, which are coreacted to an epoxy equivalent weight of 190 and a
viscosity of 12,000 to16,000 centipoise. Modification to the base resin usually
consists of varying the epoxy equivalent weight or increasing the viscosity and

pendant hydroxyl content.

However, by using other reactive ingredients, a wide range of different epoxy resins
can be manufactured with properties considerably different from the standard
bisphenol A resins. Such as epoxy-novolac resins are two-step resins made by
reacting epichlorohydrin with phenol formaldehyde condensates. They may have
seven (7) or more epoxy groups per molecule which allow these resins to achieve high
cross-link density in the cured resins resulting in excellent temperature, chemical and
solvent resistance. They have superior performance at elevated temperature, superior
electrical and mechanical properties, higher heat and humidity resistance and also

higher viscosity.

Using diols and triols (i.e. two or three hydroxy groups in the molecule) gives flexible

epoxy resins with high impact resistance but lower heat resistance. Using halogenated
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reactants results in an epoxy that is self- extinguishing when removed from a flame
but has higher specific gravity and cost. Using multifunctional ingredients gives resins
with three or four epoxy groups, which results in more crosslinks during cure but
reduces impact strength and increases cost. Cycloaliphatic reactants produce epoxy
resins with superior electrical properties but reduced ability to be cured at room
temperature. Each different epoxy resin occupies a place in the adhesive field where
its advantages can be utilized best and its limitations can be tolerated or designed

around.

2.8.2 Curing agents and their modification

Apart from curing agents, other reactive chemicals may be used to accelerate,

promote, or retard the crosslinking reactions.

Each different curing agent will result in a different crosslinked molecular structure
when cured, and so each will have different properties from all others. For example,
using a primary and secondary amine gives fast, tight cures at room temperature, but
the vapours are sensitizing and heat resistance is low. Amine adducts give easier
mixing ratios and reduced sensitizing potential but increase the viscosity. Using
polyamides gives excellent impact strength but lower heat resistance and chemical
resistance. Aromatic amines give long pot life and increased heat and chemical
resistance, but they must be oven-cured and many of them cause adverse skin reaction
when handled. Lewis acid complexes give fast-setting adhesives (within seconds) but
are weak mechanically and difficult to use in production lines. Anhydrides give high-
temperature stability but the vapours are acidic and oven cures are required.These are
only a few of the more than 100 curing agents available to the epoxy formulator, each

one is appropriate for a limited range of uses.

2.8.3 Fillers

Fillers may be added to epoxy resins to reduce cost, lower the co-efficient of thermal
expansion ( that’s why fillers are important in reducing stress in the bond area), lend
toughness, reduce shrinkage, reduce flammability, increase electrical and thermal

conductivity, alter surface hardness, increase or decrease density, reduce exotherms,
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control the working time of adhesives, add colour or opacity, improve chemical,
abrasion and arc resistance, improve adhesive properties, and/or change the
handling characteristics of the resin system to impart the desired flow or thixotropic
properties i.e. to thicken the mix so that it will not run off inclined surfaces but will

flow when stirred.

These modifications will usually be achieved at the expense of other properties in the
system, so that it can be said that most fillers will somewhat reduce over-all
mechanical, electrical and/or chemical properties. For instance, some fillers may be
corrosive to metals. Fillers chosen to improve high temperature properties often
reduce low-temperature properties, and vice-versa. Many fillers, such as fibrous
fillers, exhibit a wicking action for moisture which may degrade internal strength and
chemically attack the adherends. Fillers may add undesired weight, which is of
serious importance in aerospace, where a pound saved in an assembly may reduce fuel

consumption by several thousand pounds during the life of an aircraft.

Fillers may be either organic or inorganic, metallic or non metallic and may range
from cheap beach sand to moderately priced aluminum oxide to costly silver flake to

ultra-expensive boron fibers.

2.8.4 Liquid modifiers

Liquid modifiers are used in epoxy systems for three main reasons, to reduce resin
viscosity (diluents), to raise impact strength ( flexibilisers and plasticisers), or to make

the system cheaper (extenders).

2.8.5 Diluents

Diluents are free-flowing liquids used primarily to reduce the viscosity of the epoxy
resin so that better penetration in casting and better wetting ability in laminate and
adhesive formulations may be achieved and so that higher filler contents may be
employed. The diluents may be either reactive (i.e. may contain epoxy groups or other
reactive groups) or non-reactive. Reactive diluents are those which become

permanently bound into the cured system and thus have the least degrading effect on

40



properties. Non-reactive diluents do not react chemically with either the epoxy resin
or the curing agent and therefore may seriously alter properties. So, the reactive

diluents are preferred over the non-reactive.

Use of a reactive diluent will somewhat decrease the tendency of the curing agent to
volatilize during cure, and particularly in room-temperature curing adhesive
formulations it is employed for this purpose. Diluents are also used for the following
important reasons—

(i) increase or decrease impact and flexural strengths.

(ii) increase or decrease high-temperature or low- temperature capabilities.
(iii)improve or modify chemical resistance, electrical properties, and flame resistance.

(iv) Reduce or extend pot life, increase or decrease exotherm and extend storage life.

2.8.6 Flexibilisers and Plasticisers

Normally rigid epoxy systems may be made flexible by adding long-chain molecules
to the mixture which are either nonreactive (plasticisers) or sparsely reactive
(flexibilisers). The plasticisers may be considered as inert resinous or monomeric
‘fillers’. The flexibilisers which my be either mono or polyfunctional become an

integral part of the cured system.

The reactive long chains provide internal molecular-chain flexibility and lower the
glass transition temperature (Tg), while the non-reactive plasticisers allow a measure
of chain slippage and temporary distortion. Normally the reactive flexibilisers are
much preferred in epoxy adhesives, since they are least likely to affect adhesive

properties.

Flexibilisers for the epoxy resins are particularly useful where the high adhesion and
low shrinkage of the unmodified resins cause strains in the system during cure. The
function of a flexibiliser or plasticiser is to impart some degree of resiliency or
toughness, which in turn may upgrade thermal and mechanical shock properties,
increase impact resistance, improve peel and cleavage strengths, reduce internal
stresses, decrease exotherm and shrinkage, and produce a better system for low

temperature or cryogenic bonding. Some tackifiers and plasticisers contain
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unsaturated bonds through which they can be polymerized or cross-linked once their
initial task is completed [3]. It should be noted that some curing agents are also

flexibilisers.

2.8.7 Flame/ Fire Retardants

Most plastics when exposed to a flame will ignite and burn, and epoxies are no
exception. Self-extinguishing characteristics are obtained in epoxies by adding
materials such as halogenated compounds in combination with antimony oxide. These
two tend to change physical properties slightly, and if used in excessive amounts will
cause serious brittleness, impairing peel and shock characteristics. Certain fillers and

diluents are also valuable in this respect.

2.8.8 Cure accelerators

Certain simple substances can increase the rate of reaction between the epoxy resins
and some curing agents, and wide variations in the rate of cure can be achieved by the
addition of small amounts of catalyst. For example, phenol causes the rate of reaction
between an epoxy resin and a simple aliphatic amine to increase by several orders of

magnitude.

2.8.9 Reinforcements

These are inert, fibrous materials whose prime purpose is to increase the strength of
the system. Glass and metal fibres are widely used, the glass being in fibrillar form or
woven into a cloth or mat and the metal fibres being used as discrete fibres or
whiskers. Carbon fibres are also important.The whole subject of polymeric composite
materials is based on the combination of a resin matrix with a fibrous reinforcement,

and epoxy resins play an important part in this particular technology.

2.8.10 Anti-degradants

Polymers, unlike minerals, have a strictly limited life and, like man himself who is

also largely built of polymers, are subject to ageing processes. To counteract these or
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at least delay them or to mitigate their effect on physical properties, various anti-
degradants are used. Important in the list of additives therefore are anti-oxidants, anti-
hydrolysis agents and stabilisers for halogenated polymers used against degradation

by oxygen and UV.

2.8.11 Resinous modifiers

A wide range of other resins will react chemically with the epoxy resins to form a
modified or ‘alloyed’ polymer system to gain advantages in specific physical
properties, to simplify handling, or to obtain a distinct processing advantage.
Common examples are the combinations of epoxy resins with polysulfide, phenolic,
polyamide, nylon, urea melamine, polyester, polyurethane, silicone and vinyl resins.
These systems have enhanced properties in certain respects over the properties of the

individual, separate resins.

Other resins, although not reacting chemically with the epoxy resins, are also used to
cheapen and alter the properties of the unmodified epoxy resins. Important examples
are the addition of coal-tar pitch to yield epoxy paints with much improved water

resistance, and petroleum-derived bitumens to cheapen anti-skid road surfacings.

2.9 Conclusion

It can be seen, therefore, that what is generally referred to as an epoxy resin is more
properly a carefully formulated mixture of ingredients. The correct formulation of
these ingredients is a skilled task and much of epoxy resin technology consists in the
successful development of formulations ‘tailor made’ for particular applications. This

could be because the final properties and eventual performance of the system require

very specific characteristics, or because there is commercial advantage in so doing.
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Chapter 3 Chemical Cure Kinetics, Modelling and Process Control

3.1 Introduction

This chapter is composed of three sections — cure kinetics, time, temperature and cure,
and the factors and fundamentals behind final cured properties. These discussions
shed some light on macroscopic and microscopic cure behaviour which can pave the

way for better understanding of cure processes.

3.2 Cure Kinetics

Chemical reactions that take place during cure determine the molecular structure of
cured resins that, in turn, determines the final physical, electrical and mechanical
properties of the cured material. Thermoset cures, such as the cure of epoxy resins,
are among the most difficult reactions to follow. This is due to the fact that—

(i)These materials generally start out as very low viscosity resins but then crosslink to
form insoluble and rigid glassy materials. Therefore, the cure kinetics of the thermoset
resin is complicated by the relative interaction between the chemical kinetics and the
changing physical properties.

(ii) Moreover, the cure reaction of thermosetting materials is exothermic and as
polymers exhibit low thermal conductivity, the temperature and rate of reaction can
vary considerably within the curing mass. A further complicating matter is that these
systems usually undergo more than one type of reaction.

(iii) Furthermore, in industrial formulations, a variety of additives are included in the
cure system, resulting in complex cure kinetics.

(iv)Also, due to statistical variations present in the polymerization processes polymers

are polydisperse or heterogeneous in molecular weight.

The overall requirement of the final cured state for thermosetting materials is that the
physical and engineering properties of its microscopic and macroscopic structure
remain within specified limits. Consequently, there is a need for more detailed
understanding of the curing process and the evolution of structure-property

relationship of cured material in order to control the curing economically and to
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optimize the physical properties of final products. To allow a better understanding of
reaction kinetics and the development of the engineering structure-properties on a
microscopic scale, a combination of experimental monitoring techniques is required
including ultrasound, X-ray analysis, NMR, DSC, dielectric, infrared spectrometry

etc.

3.2.1 Perspectives of cure kinetics

The understanding of the mechanism and rate (kinetics) of cure is the first essential
step in the process of evaluation of processing-morphology-property-durability
relationships in thermosets and their composites. Knowledge of the rate that an
adhesive cures and how that rate varies with cure temperature is useful and important

from several standpoints.

Firstly, the most important point is to ensure that the adhesive is processed in an
optimized manner compatible with its end use. Kinetics analysis helps the scientist,
engineer or process control manager decide upon the most efficient temperature-time
conditions for the generation of a component made from a thermosetting resin that has

the optimum properties for any desired applications.

Secondly, the rate of cure defines the shelf- life of the adhesive for a given set of
storage conditions and its working life by controlling its tack, wetting and flow

properties.

Thirdly, the kinetics information is useful for balancing energy consumption versus

the completeness of cure for a thermosetting product.

Fourthly, the modern kinetics software can be used to address the quality and
consistency of thermosetting resins. This software provides the bench scientist with an
easy-to-use, rapid, interactive method for the simulation of the kinetic behaviour of

chemical reactions.

Fifthly, for a commercial adhesive, the manufacturers recommended cure schedule

will, in general, yield an adequately cured material. It is often desired, however, to
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cure the adhesive under a different set of conditions. This will occur, for instance,
when several materials in an assembly are to be simultaneously cured or if
temperature sensitive components are to be bonded. The cure kinetics in the form of a
phenomenological rate law (discussed later) permit the cure cycle to be optimized for
a given bonding situation. If, in addition, correlations between the degree of cure and
the cohesive strength of the adhesive have been established, they help to make certain

that the adhesive joint has not been compromised by cure cycle changes.

3.2.2 Molecular diffusion vs. chemical reaction -- Basic overall kinetics

According to Alig et al [73], the conversion of a thermoset from a liquid to a solid is a
result of the negative feedback between the molecular diffusion and chemical
reactions and it occurs when the product of the reaction has a lower configurational
entropy and specific volume than the reactants. The decrease in the molecular
diffusion co-efficient progressively reduces the probability of chemical reaction until
such a time that neither diffusion nor reaction can take place at a significant rate and

the resin is in effect cured.

During the initial phases of cure when the reaction mixture is of a low viscosity, the
rate of chemical reaction is slower than molecular diffusion and therefore the rate of
chemical reaction determines the rate at which network structure develops. During the
later stages of cure when viscosity is high and the infinitely connected network or gel
has formed it is molecular diffusion that is slower and therefore controls the rate at
which the network densifies. Basically, in the last stage of the cure, reaction is no long
associated with small molecules migration, but it involves displacements of long
branched molecules and segmental mobility of the network. Therefore, steric
hindrances and slow segmental diffusion lower the curing rate and lead to a reaction
diffusion-controlled. Furthermore, segmental mobility is dramatically decreased by
vitrification. It can be mentioned here that the amine-epoxy curing reactions referred
to in the previous chapter have been studied by several authors and the reaction

schemes are relatively well established.
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3.2.3 Kinetic characterization using Differential Scanning Calorimetry

Differential scanning calorimetry is the most widely used technique in the
investigation of the kinetics of cure of thermosetting resins. The basics of DSC in

characterization of cure has already been mentioned in section 1.4 in chapter 1.

The aim of the kinetic investigation of a curing thermoset is, in general, based on the
construction of a kinetic model, either phenomenological or mechanistic, which can
predict characteristic features of the curing system, for instance, the rate or extent of
reaction or the glass transition temperature for a given time-temperature profile.
Therefore, from the standpoint of mathematical modelling, the correlation and
representation of experimental data in the form of a simple kinetic expression is of
considerable importance. In this respect differential scanning calorimetry has been
extensively used as a convenient means to evaluate the rate equations and for

estimation of the associated kinetic parameters [8, 18, 41, 42, 43, 50, 60, 62].

3.2.3.1 Treatment of DSC data

The basic assumption made in treating DSC data to follow reaction kinetics is that the
heat of reaction evolved up to a time ¢, is proportional to the overall extent of reaction
given by the fraction or number of moles of reactive groups (reactant) consumed.

Following this approach the general expression for the degree of conversion, @, can

be written as follows [22, 27, 42, 48, 49, 50, 54, 55]

j(2)
a=H0 _o & 3.1
Hy J’-(dH(t)) P
o\ dt

Where, H (t) is the total heat evolved up to a certain time ¢, in an isothermal

dH (1) . . . .
dt( ) is the value of rate of heat generation at time ¢, and H is the total

experiment,

heat of reaction which can be estimated from the dynamic experiments that can take

the reaction to complete or full conversion up to the final time .
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. da . . .
The rate of reaction, 7—-, thus can be obtained as a function of time from the
t

isothermal rate of heat flow, ﬂdt(g , measured by DSC using the equation
da_ 1 dH@ 62
dt H, dt

assuming its proportionality to the rate of heat flow.

Here, it can be mentioned that since DSC measurements are based on the hypothesis
of proportionality between the heat flow due to cure reaction and the overall rate of
reaction, they do not enable individual reactions to be separated. Yang and Lee [68]
utilized FTIR measurements to determine the multiple reaction mechanisms which
would have been unresolved by conventional DSC methods using a polyurethane-
polyester interpenetrating network (IPN) system. Consequently, DSC must be
regarded as a useful complementary tool when a detailed reaction mechanism has
already been established by more group specific techniques such as FTIR or NMR
[4]. In such a case, exploiting the rich potential of DSC data, the kinetic analysis helps
to determine those steps which most profoundly contribute to the overall process. This
allows for the reduction of intricate mechanisms to an effective kinetic scheme.
However, an advantage of the DSC technique is that by giving access to reaction rate
it enables to detect complex kinetic behaviour at low conversions that would be

almost undetectable by other experimental techniques [12].

3.2.3.2 DSC measurements — isothermal and non-isothermal tests

There are two experimental techniques for DSC measurements of thermoset reactions

isothermal tests and non-isothermal scanning tests. In an isothermal test the rate of
energy released is measured at constant temperature and the extent of reaction is
calculated from equation (3.1). The major assumptions in this type of test are that the
total heat of reaction can be determined accurately, and that all reactions contributing
to the overall reaction have the same enthalpy. In non-isothermal scanning tests the
heat of reaction is monitored over a linearly increasing temperature scan and kinetic

data is obtained via various analysis of the DSC curve produced. These analysis
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included deriving kinetic data from step integrals of the rate curve and deriving a
relationship for kinetic parameters from exotherm maxima at various heating rates.
Use of scanning DSC is very useful in obtaining kinetic data for commercial resin

systems by fitting assumed empirical models to scanning data.

Isothermal measurements do have the advantage of a complete separation between the
variables of time and temperature. Isothermal DSC measurement does not suffer from
baseline problems. Nevertheless, an isothermal experiment is more time-consuming
than a non-isothermal one, provides less information and despite seeming very easy
theoretically, it is limited experimentally. It is hard to heat the sample instantaneously
from ambient temperature to the desired cure temperature so that the data at the
beginning of the measurement is not fully reliable. A significant advancement of the
cure state can take place before DSC can reach and stabilize at the desired
temperature, and at low temperatures, the reaction may not proceed to completion.
So, isothermal DSC cannot be applied to systems that react too fast. However, the
multistep isothermal cure experiment [12], which tests isothermal cure behaviour at
different temperatures in only one experiment, takes less time than classic isothermal
DSC experiments and enables isothermal curing to be studied even at high
temperatures which can take the reaction to nearly full conversion. Also, isothermal
DSC can introduce errors in cure modeling due to effects of unavoidable temperature
ramping. Alternatively, dynamic data allow for a better capture of the kinetics at both
the start and end of a reaction, and complex reaction mechanisms can be more easily
interpreted by a comparison of measurements at different heating rates [9]. A brief
outline of the various workers in the field of isothermal and non-isothermal DSC tests

are given in the paper by Halley and Mackay [5].

3.2.3.3 Errors affecting in determination of kinetic parameters using DSC

Different errors may affect the accuracy of the cure kinetic parameter determination
based on DSC measurements. Such as, the use of an inappropriate kinetic model
function, intrinsic faults of the apparatus, or errors in the interpretation of the DSC
thermogram. It is well known that the baseline (lying under the exothermal peak) of a
DSC scan experiment for a thermoset is not a straight line, but obtaining its real

shape is a complicated process.It can be obtained by heat capacity measurements
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with temperature modulated DSC, which is an improvement of DSC apparatus where,
a temperature modulation is added to the usual temperature ramp [12,42,59,60,61,62].
Nevertheless, this method is still not commonly used, and most kinetic studies are
performed with conventional DSC. Moreover, the type of baseline used is generally a

simple straight line drawn from the beginning to the end of the exothermic signal [8].

3.2.4 Theoretical background to kinetic modelling

In the study of cure kinetics by DSC, the essential step is fitting of the reaction rate
profiles, obtained from isothermal and dynamic experiments, to a kinetic model.
There are essentially two forms of kinetic models used to describe thermoset curing

reactions—phenomenological or empirical and mechanistic models.

1. Phenomenological or empirical model: Phenomenological models assume an
overall reaction order and fit this model to the kinetic data. They relate to the main
features of the reaction kinetics and do not take into account individual reactions. This
type of model provides no information on the kinetic mechanisms of the reaction and

is predominantly used to provide models for industrial samples.

2. Mechanistic model: Mechanistic models are derived from an analysis of the
individual reactions involved during curing which requires detailed measurements of
the concentration of reactants, intermediates, and products. Essentially mechanistic
models are intrinsically more complex than empirical models, however, they are not

restricted by compositional changes, as are empirical models.

Determination of the most appropriate kinetic model for an application will depend on
the type of system and the accuracy and form of results required. Due to the complex
nature of thermosetting reactions, phenomenological models are the most popular for

these systems.

3.2.4.1 Model-Fitting Method

The model-fitting technique is the most widely used approach. It consists of using

empirical kinetic models and fitting them to experimental data. In phenomenological
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modelling of the cure kinetics of thermosetting polymers, an internal state variable is
defined to which all other properties are related. This state variable is the degree of
cure (@) and ranges from 0 ( uncured ) to 1 ( fully cured). Generally, researchers have
related the extent of the chemical reaction to the other independent variables, that is,
time and temperature. Therefore, evaluation of the appropriate kinetic model
parameter from kinetic measurement defines the degree of conversion as a function

of time and temperature, (7, ?).

In kinetic analysis, it is generally assumed that the rate of reaction can be described

by the product of two separable functions, K( T) and f (@), such that

da _

e (T).f () (3.3)

where 4 %t is the rate of reaction, K (T) is the temperature- dependent Arrhenius

rate constant, and f (&) corresponds to the reaction model which gives the dependence
of the reaction rate on the extent of reaction. Naturally, as the reactants are used up,

the rate decreases. For nth order behaviour the function is expressed as

fl@)=(1-a)
where n is the reaction order and « is the fraction reacted.

Basically, f (@) is a function that depends on the reaction mechanism. As mentioned
before, a commercial epoxy adhesive formulation is a complex mixture of resins,
hardeners, modifiers, accelerators, and fillers. As such, there is a little hope that
insight into the nature of f (@) can be obtained without detailed and extensive
chemical analysis. Nevertheless, chemical kinetic information is required for process
definition which has already been stated, and study shows that f (@) can be treated in
a phenomenological manner to rapidly and inexpensively obtain a useful kinetic

model without requiring a thorough understanding of the cure chemistry.
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The temperature dependence of the reaction rate constant is commonly described by

the Arrhenius equation

k(T)= A.exp( 'R? ) (3.4)

where R is the universal gas constant, E, is the activation energy, and A is the pre-
exponential factor. It is understood that at higher temperatures the reaction rate is

greater.

For non-isothermal conditions, when the temperature varies with time with a constant
. dar e . . .
heating rate 5 = o the explicit time dependence in equation (3.3) can be eliminated
t

so that

£=éexp(_E" ).f(a) (3.5)

A multivariate version of the Borchardt and Daniels method [69] is frequently used in
the evaluation of dynamic DSC data. In this method, the kinetic parameters ( A and E)

are obtained by a linearizing transformation of equation (3.5) so that

o7
dr _ [ A_E.
In f(a) ln(ﬂ) RT 3.6)

This linear equation, which has the form y= ayp + a; x with x = I/T, can be used to

determine the optimal fit of the kinetic parameters by multiple linear regression [9].

Though the model fitting technique is the most widely used approach the problem is
that usually quite different kinetic functions fit experimental data equally well (from a
statistical point of view),whereas the numerical values of the corresponding Arrhenius

parameters differ.
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With a view to simulating the temperature field in thermoset thick pieces, this above
mentioned effect can be a great problem as it is evident that even a small error in
kinetic parameters, especially activation energy, can lead to totally wrong
temperature predictions. Therefore, it is necessary to have information a priori about

the reaction mechanism in order to choose a kinetic function with a physical
meaning. This is the case when a kinetic scheme has already been established by other
experimental techniques which have mentioned before.Traditional models which have
been considered in relation to the curing kinetics of epoxy thermosets will be briefly

discussed later.

3.2.4.2 Model-Free Isoconversional Method

The basic idea of the model-free isoconversional kinetic analysis of non-isothermal
DSC experiments is to determine the apparent activation energy at each conversion
without any assumption about kinetic function. In this alternative approach, the
reaction rate at a constant conversion depends only on the temperature. This method
assumes that both the activation energy and pre-exponential factor are functions of
the degree of cure. Friedman’s method [70] is the simplest means which is frequently
used to determine the activation energy from the logarithmic form of the rate

equation for each heating rate—

In [Hi (dadT)aJ ]= In[4, £ (@)]- Ria . 3.7

ai

where the subscript & is the value at a particular degree of cure and i refers to data

from a given heating rate experiment. The activation energy at each degree of cure

can be calculated with linear regression from a plot of In Iﬂ,. (d %T) ] versus 1/Tg;

a.
(Friedman plot) across all of the heating rates tested. Similarly, the product of the
cure- dependent pre-exponential factor and the reaction model can be obtained from
the y intercept of the Friedman plot. These parameters can alternately be calculated by
an integral iso-conversional method described by Flynn and Wall [71] and Ozawa
[72].
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The advantages of this model-free iso-conversional technique are twofold—on the
one hand, one should be able to determine the exact apparent activation energy, and
on the other hand, the evolution of apparent activation energy with conversion can be
interpreted in terms of reaction mechanism, particularly in the case of multi-step
reactions [12]. Therefore, the iso-conversional approach can be used to evaluate both

simple and complex chemical reactions.

3.2.5 Kinetically controlled reaction models

A number of models have been considered in relation to the curing kinetics of
thermosets. The main models that have been proposed in the literature to describe the
chemical kinetics of the cure of thermosets are listed in table 3.1. A detailed chart and
analysis of the kinetic models, both phenomenological and mechanistic, applied in the
investigation of the cure kinetics of thermosets has been published by Halley and

Mackay [5] in their review of chemorheology of thermosets.

In the case of a curing system which shows no autocatalytic phenomena and no
complexity in the reaction mechanism, a simple nth order reaction model, such as that
given by equation (3.8), is expected to hold. The epoxy cure reaction has sometimes
been described by means of a simple nth-order kinetic expression governed by a
single rate constant. Kinetic expressions describing the autocatalytic behaviour (i.e.
maximum reaction rate da/dt is observed for ¢ >0 in an isothermal cure) of epoxy
cure have also been discussed in the literature. The simplest autocatalytic kinetic

model proposed is given by equation (3.9).

The autocatalytic reaction models suggest that the curing process is governed by more
than a single rate constant which, in turn, implies the presence of more than one
reaction mechanism and activation energy in the system. The reaction rate constant, k;
is generally assumed to correspond to the primary reaction which involves catalytic
ring opening by the amino group through a ternary transition state of amine, epoxide,
and hydrogen donor present in the reaction medium, and k; is generally assumed to
correspond to the secondary reaction which involves autocatalytic ring opening

involving amine, epoxide, and hydroxyl group formed by the opening of the first
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epoxide ring. In the study of Sourour and Kamal [32] the overall reaction rate order

(m+n) was assumed to be 2 and the validity of this assumption was confirmed

elsewhere [21].

Table 3.1 kinetic models describing the chemical kinetics of thermoset cure.

Model Eugation Equation no.
. da n
nth order reaction I = k(l @) e 3.8)
. . da m n
Autocatalytic reaction = =ka"(1~a) ... 3.9
t
nth order + autocatalytic reaction %‘f = (k, +k,a” Xl 7 S (3.10)
t
J E.
General complex reaction model da = Z 8:A exp(— —'] fil@).....3.11)
dt overall i=| RT
. E
Arrhenius dependence of rate constant k(T)=A exp(— ﬁ) ................ (3.12)

where,

a = calorimetric conversion,
da .
—— =reaction rate,

dt

m, n = reaction orders,

T = absolute temperature,

R = universal gas constant,

J=number of independent reactions,

A;= pre-exponential factor of the ith reaction,

E; =activation energy of the ith reaction,
[i (ai ) = reaction function of the ith reaction,

gi = normalized weighting factor of the ith reaction.
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For the cure of most epoxy resins the proposed model is a combination of an
autocatalyzed process with an nth order reaction. Because of the relative complexity
of the epoxy-amine system and because of the autocatalytic effects of hydroxyl
groups produced during the cure which have been mentioned before, a model that can
describe the kinetics of the overall reaction is best described by an expression of the
type shown in equation (10). Ryan and Dutta [20] and Sourour and Kamal [32]

applied this model to an epoxy-amine cured system.

In the case of some thermosets very complex reactions occur during curing which
produce unresolved thermal peaks in a DSC thermogram. Duswalt [74] suggested that
for a complex reaction consisting of independent reactions, one or more of them can
be eliminated by ageing the sample at a suitable temperature. By repeating this
process at different temperatures, each reaction can be resolved so that the kinetic
analysis can be applied to each reaction independently. For such a complex system the
final kinetic model would then be of the form of equation (3.11) [6]. Chiou and Letton

[26] applied this model to the study of the cure of a commercial epoxy system.

3.2.6 Estimation of kinetic parameters

In all of the above mentioned studies, the kinetic parameters have been determined by
fitting the experimental rate data to the kinetic model using a linear or non-linear
least-squares regression analysis fitting technique, or alternately, by combining the
variables so as to produce a linear relationship from which the Kinetic parameters

could be estimated.

Other methods also have been developed to estimate the kinetic parameters associated
with the cure kinetics of an epoxy system. Ryan and Dutta [20], for instance,
developed what they termed a “rapid technique” for the estimation of the order of
reaction and rate constants governing the autocatalytic behaviour of epoxy cure from
isothermal initial and peak degree of cure rate DSC data; Arrhenius constants were
subsequently estimated from these rate constants using linear regression. The
advantage of this procedure is that it is simple; the disadvantage is that, since only two
experimental data points are utilized in the determination of the isothermal kinetic

parameters, experimental errors have a great impact on the estimates. Keenan [24]
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proposed an extension to Ryan and Dutta’s method [20] for the estimation of
parameters of Sourour and Kamal’s model [32] that requires neither data fitting nor

prior knowledge of the reaction order.

Though the most commonly used method of determining kinetic parameters involves
the use of linear regression and isothermal DSC data, one of the difficulties with this
approach is that the Arrhenius constants cannot be estimated directly. This method
first requires the estimation of the rate constants at different temperatures and then the
estimation of the Arrhenius constants from the rate constants. A number of non-linear
estimation methods which are basically statistical methods [6], also have been utilized
to estimate the kinetic parameters associated with the kinetics of epoxy cure. Scott
and Saad [19,2] have presented a new estimation procedure based on a new
application of the Box-Kanemasu method in estimating kinetic parameters associated

with the curing of an amine-epoxy system.

Most of the usual techniques for kinetic parameter determination of thermosets do not
take into account the problems of sensitivity (and so of identifiability) of the kinetic
parameters, or the problems of correlation between some of them. Scott and Saad
[19,2] have made sensitivity studies for both isothermal and non-isothermal DSC
experiments and shown that the problem of correlation between Arrhenius parameters
is minimized for isothermal experiments when using the conversion degree as the
modeled variable. They concluded that the degree of cure (@) rather than da7dt should
be treated as the dependent variable when using the Box-Kanemasu method. The
Box-Kanemasu based method provides more accurate estimates of the Kkinetic
parameters than the linear regression method, also it has the added advantage that the

Arrhenius constants can be estimated directly [19].

3.2.7 Modifications for diffusion-controlled kinetics

It was previously mentioned that for the cure of most epoxy resins the proposed
model is a combination of an autocatalyzed process with an nth order reaction.

However, the autocatalytic reaction model has been found to be applicable over a

wide conversion range for curing before vitrification. In those investigations, the
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long-time results at low-temperature curing after vitrification typically deviated from
the kinetic model predictions. Obviously, these deviations are expected as the
reactions become diffusion limited after the materials vitrify. Therefore, the lack of
agreement between experiment and theory is likely to be caused by the neglect of the

existence of diffusion control in the later stages of the reactions.

Basically, the chemical kinetics of most thermosets at cure temperatures below T

(the glass transition temperature of the fully cured network ) is generally complicated
by the fact that the reactions become diffusion-controlled in the later stages of cure,
particularly after vitrification [16], where the rates of the chemical reactions become
very low. In actuality, diffusion of chain segments can become a dominating factor
especially when the T, of the material rises beyond the cure temperature ( i.e. after
vitrification ). Therefore, for meaningful characterization of the cure kinetics over the
whole range of cure, in particular towards the later stages, it is necessary to

incorporate the effects of diffusion control into the reaction kinetic model.

Mathematically there are two easy ways to modify the kinetic models in order to

incorporate the effects of diffusion-controlled kinetics.
3.2.7.1 First method

A typical approach to the mathematical treatment of the diffusion phenomena is to
express Ty in terms of conversion, o, using Di Benedetto’s equation [15, 39] (which
will be discussed later) and then introduce the modification of the kinetic rate

constants according to Rabinowitch [75] as follows-

111
k(a.T) k() k,(aT)

(3.13)

where,
k. = overall effective rate constant,
k = Arrhenius-dependent reaction rate constant in the kinetically controlled
region, and

k4 = Specific rate constant for diffusion.
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This equation shows that the overall rate constant is governed at one extreme by the
Arrhenius rate constant ( when k; >> k ), which is the case prior to vitrification, and
at the other extreme by the diffusion rate constant (when k>> k; ), which is the case

well after vitrification.

The basic idea of equation (3.13) is to find the mean duration of co-ordination of two
molecules as a sum of the mean durations of co-ordinations due to reaction and
diffusion. This idea is also known as the “Law of the addition of kinetic resistances”.
It has been shown that the Arrhenius plot for a process complicated by diffusion is
non-linear. To take into account the effect of both T and & on diffusion, Vyazovkin
et al [4] developed an equation with separable variables T and & which is one of the

most convenient way.

Now, there are three ways mentioned in literature by which the diffusion rate constant

k4 can be expressed.

Expression 1

Simon and Gillham [76] give the expression for k; by the following equation

E b
k,=A, exp(— R; )exp(-— 7) 3.14)

c
where,

A4, b = adjustable parameters,
E;= activation energy of the diffusion process,
T, = cure temperature,

f=equilibrium fractional free volume given by-
£ =0.00048(, - T, )+0.025 (3.15)

where, T, =instantaneous glass transition temperature of the curing system.



Expression 2

Wisanrakkit and Gillham [16] give an alternative expression for the diffusion rate

constant ( k, ) using a modified form of the Williams-Landel-Ferry (WLF) equation.

The usual form of the WLF equation applies only above T, under equilibrium
conditions. By including absolute value | T-Tp | in the denominator the modified form
shown in equation (3.16) allows application of this relationship below T, and hence

permit its application both above and below T

T(T) - _CI(T_TO)
o(T,) C,+IT-T,l

log(a, ) =log (3.16)

where, T is the temperature of the experiment, 7p is an arbitrary reference
temperature, C; and C, are constants, 7 (7T) and 7 (Tp) are the polymer segmental
relaxation times at the temperatures T and Tp respectively, and o is the time-

temperature superposition factor.

From this modified form of WLF equation, Wisanrakkit and Gillham [16] give the

expression for the diffusion rate constant (k,) by the following equation-

402(r. -1,)

In(k, )=Inlk, )+ 3.17
nlky)=nlk, )+ = T, (3.17)

Expression 3

Chern and Poehlein [77] proposed a simpler semi-empirical relationship, based on
free-volume considerations, to explain the diffusion control kinetics which have been
widely used. According to their theory, when the degree of cure reaches a critical
conversion value, ., diffusion becomes the controlling factor and the diffusion rate

constant k; is then given by—

k, =kexp[-Cla-a.)] (3.18)
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where k is Arrhenius-dependent reaction rate constant and C is a constant which has
no discernible trend but ¢, increases with temperature at a given composition, as in

other studies [7].

Equation (3.18) corresponds to a rather “abrupt” onset of diffusion control at @ = &,
which typically occurs well beyond gelation, close to the vitrification point [3]. The
latter is defined at the time or conversion at which the T, of the resin reaches the
curing temperature, and is thus only reached if the cure temperature is below T, . In
reality, the onset of diffusion effects is somewhat more *“‘gradual” and there is a region
in which both chemical and diffusion factors control the kinetics. Combining equation

(3.13) and equation (3.18), a diffusion factor f; (@) can be defined as—

1
1+ exp[C (a -, )]

k
fi (a)=7‘= (3.19)

For a << &, fi(@) is close to unity and the effect of diffusion is negligible. Up to
a= &, fs (@) is almost constant and begins to decrease at « = ¢, . Beyond this
point, f; (@) approaches zero as the reaction effectively stops. The effective reaction
rate at any conversion is equal to the chemical reaction rate multiplied by f{@). The
values of C and &, can be obtained by fitting fi @) versus @ data at each temperature

and composition.
3.2.7.2 Second Method

The another mathematical method of modifying the kinetic model is empirical. In this
case, the maximum degree of conversion achieved during an isothermal cure (& yax)
is taken into account and its relationship with temperature is then modeled. For an nrh

order reaction scheme, the kinetic model can be expressed as follows [78]

da
—=kla_ . -a) 3.20
" (@, - ) (3.20)

62



3.2.8 Avrami phase change theory in cure kinetics

Apart from traditional kinetic models, Kim et al [22] used Avrami phase change
theory to describe the cure kinetics of epoxy-amine system which gave even more
satisfactory explanation to some experimental phenomena. This theory is basically
based on the phase change and most often used to describe polymer crystallization
kinetics. In a broad sense, crystallization can be considered as a physical form of
crosslinking. In some aspects the behaviour of the amorphous crosslinked polymers at
a higher degree of crosslinking is similar to that of at a higher degree of crystallinity.
Therefore, it is also possible to predict the curing of epoxy resin based on the Avrami

expression. The simple Avrami expression is given by the following equation [22]--
a=1-exp(- k") (3.21)

where @ is the extent of cure at time ¢, k is the rate constant and n is Avrami
exponent which provides qualitative information on the nature of the growth

Pprocesses.

According to the study of Kim et al [22] the kinetic parameters obtained are consistent
with that from other thermal analytical methods. Their study shows that the kinetic
results from Avrami theory may present a combined effect of important physical
phenomena that likely to take place in the system which are not taken into account in

other kinetic investigations.
3.2.9 Variation in Kinetic results

Even though many experimental techniques and studies relating to epoxy cure
reactions have been reported in the literature with emphasis on the chemical, physical,
and mechanical property changes with time [31,32], there are often conflicts in the
kinetic parameters. Moreover, data can be interpreted by different methods to produce
different results. The causes of these problems are twofold—(i) the assumptions used

in the calculations and (ii) the neglection of the physical phenomena likely to take
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place in the system. Therefore, it is essential to understand the fundamental principles

that govern the cure process.

3.3 Time, Temperature, and Cure

The ultimate use of information on the reaction kinetics of thermoset polymerization
is for the development of the desired final properties of thermosetting polymers. The
states of the polymer throughout cure ultimately rely on the selected cure
temperatures and times as well as the initial and ultimate glass transition temperatures
of the polymer. In this section, the development of the glass transition temperature of

a thermoset and its relation to the evolution of the cure cycle is discussed.

Temperature and time are the most important parameters to select in a cure cycle. As
for example, producing an epoxy-based composite with the desired mechanical
properties requires precise control of the heating schedule. Temperature not only
controls cure rates, but also reaction pathways. Low cure temperatures favour chain-
extension producing flexible composites, while high temperatures favour cross-linking
producing rigid composites. Based on the knowledge gained by analyzing the
thermoset, one can estimate these variables based previous generalizations made on
thermosetting polymers. The importance of using thermal analysis techniques is
considerable because the outcome of the resulting polymerization cannot be reversed.
Therefore, it is imperative that an understanding of the relationships between the

analysis and thermoset generalizations be obtained.
3.3.1 Gelation and Vitrification
Gelation and vitrification are the two principal events which are encountered in the

transformation (cure) of liquid thermosetting multifunctional monomers to glassy

network polymers.

3.3.1.1 Gelation

Gelation can be examined from both chemical and physical points of view. From a

‘chemical’ perspective, gelation is deemed as the point (the time or temperature) at
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which covalent bonds connect across the network and an infinite molecular network is
formed, which gives rise to long range elastic behaviour in the macroscopic fluid. It
occurs at a specific point of chemical conversion for a given system according to
Flory’s theory of gelation [38], and depends on the curing system itself and the
environment in which the reaction takes place. ‘Physically’ speaking, gelation occurs
when the bulk polymer transforms from the liquid state to a rubbery state. This is
noted by a divergence of the viscosity towards infinity. Gelation in both cases is an
irreversible transformation. Chemical gelation usually takes place before physical

gelation.

From macroscopic point of view, macroscopic gelation corresponds to the end of the
processable fluid state on cure when gelation precedes vitrification. On the other
hand, molecular (theoretical) gelation corresponds to a definite conversion for a given
simple system; all molecules are finite at conversions lower than that at molecular
gelation, whereas finite and infinite molecules occur together after the conversion

corresponding to molecular gelation.

3.3.1.2 Vitrification

Vitrification is the process by which a polymer passes into the glassy state. This can
happen in either the liquid state or the rubbery state i.e. vitrification can occur before
or after gelation. Vitrification retards chemical conversion. Unlike gelation,
vitrification can be undone by raising the temperature of the polymer. However,
vitrification can reoccur as the degree of cure increases. The vitrification point of a
reacting system is the point at which further reaction is prohibited. Work done by
Wisanrakkit and Gillham [16] showed very slow diffusion-controlled reactions may
occur in the vitrified state. Chemical ageing involves the slow continuation of
chemical reactions beyond vitrification [30]. Basically, it is evident that vitrification is

not a point but a gradual process that extends over a large part of the cure [17).

3.3.2 Cure diagram—representation of cure-property relationships

Identification of when gelation and vitrification will take place in a polymer can carry

vital significance when deciding how to cure a polymer. The cure diagram is an
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extremely useful tool in displaying this information in an understandable manner.
There are four different types of cure diagrams that have been developed, utilizing
appropriate analysis techniques on thermosetting polymers. Basically, generalizations
on the cure and properties of thermosetting polymers, which have stemmed from cure
monitoring technique (e.g. torsional braid analysis [29]), have been formulated in the

cure diagrams in terms of cure-property relationships. They are—

1. Isothermal time-temperature- transformation (TTT) cure diagram [29]

2. Conversion-temperature-transformation (CTT) cure diagram [39] or,
Continuous heating time-temperature- transformation ( CHT ) cure diagram [30]

3. Glass transition ( conversion)- temperature-property ( T;T P ) diagram [30,40]

4. Glass transition temperature versus conversion ( Tg- o) relationship [16].

The relationships may be used to design time-temperature cure paths,that exploit
gelation and vitrification, to optimize cure processes and glassy state properties. This
allows one to select the optimum cure cycle settings based on the desired nature of the
polymer under investigation. Prime [40] and Gillham [30] published examples of
each type of cure diagram mentioned above. Here, we will limit our discussion to only

the isothermal time-temperature-transformation (TTT) cure diagram.

3.3.2.1 Isothermal time-temperature-transformation (TTT) cure diagram

The most commonly recognized cure diagram is the well-known isothermal time-
temperature-transformation (TTT) cure diagram, which was developed by Gillham
[29], to relate the properties of thermosetting systems to process conditions. Gillham
developed the TTT diagram using a form of Torsional Braid Analysis to identify
when the onset of gelation and vitrification takes place in a polymer. It was also first

adopted for the epoxy resin cure by Gillham.

The isothermal time-temperature-transformation (TTT) diagram provides a useful
framework for the understanding of the curing process, particularly the effects of
gelation and vitrification on the cure kinetics and properties and the optimization of

the processing and the final material properties. A typical diagram of this kind is
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shown schematically in figure 3.1. It displays the states of the material and

characterizes the changes in the material during isothermal cure at different

temperatures, Ty VS time.
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Figure 3.1 Schematic time-temperature-transformation (TTT) isothermal cure
diagram for a thermosetting system ( after J. K. Gillham [29] ).

Material states (seven distinct regions) include — liquid, sol-gel rubber, gel-rubber
(elastomer), sol-gel glass, gel-glass, ungelled (sol) glass, and char [29]. The various
changes occurring in the material during isothermal cure at different temperatures
Teure are characterized by contours of the times to reach the events. The contours
include the onset of phase separation, gelation, vitrification, full cure, devitrification
and char formation [29]. The progress of the isothermal cure process and the state of
the material can be clearly summarized in terms of these contours in the TTT
diagram. Three critical temperatures are marked on the temperature axis of figure 3.1.
They are Ty, , the glass transition temperature of the uncured reactants, g Ty, the
temperature at which molecular gelation and vitrification occur simultaneously, and
Ty the glass transition temperature of the fully cured network. A thermoset cured in

between Ty, and T,.. will develop a structure dependent on the cure temperature and
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duration, represented on the diagram by the sol-gel, gel-glass regions. The
information supplied on this diagram can be especially useful in determining the cure

temperatures and times in the cure cycle.

3.4 Final cured properties—factors and fundamentals

This section sheds some light on three important points. Firstly, the factors affecting
final cured properties are discussed. Secondly, the general concepts and relationship
between the degree of cure and chemical crosslinking is explained. In this context,
research on ultrasonic and thermal estimation of degree of reaction and crosslink
density have been reviewed. Next, the relationship between the glass transition
temperature, crosslink density and degree of cure is explained in the context of

reaction kinetics and evolution of properties.

3.4.1 Factors affecting kinetics and final cured properties

The three-dimensional polymerization of multifunctional monomers or oligomers,
traditionally, considered an available avenue for producing highly crosslinked
polymer networks with desired structure and properties. In cured epoxies, the three-
dimensional molecular network structure formed—which is a function of the
prepolymers and curing agents, and of the stoichiometric ratio used and also of the
extent to which crosslinking has advanced— determines the glass transition
temperature and other physical properties of these materials. The curing conditions
and degree of mixing [45] also have effects on cure kinetics and network formation.
The functionality of the monomer units defines the microstructural characteristics of
the network polymer. The crosslink density, which is dependent on the monomer
functionality, ultimately defines the viscoelastic and mechanical properties (i.e.
physical characteristics) of the thermosetting polymer. However, extensive research
studies have shown that the polymerization is not limited to chemical crosslinking and
that the relationship between initial oligomer and resulting polymer structure and

properties is not so straightforward as it might appear [33].

Also, a complicating matter is that in many instances this polymerization process is

accompanied by micro-phase separation, vitrification of reaction medium,

68



heterogeneous polymer network formation, and so called “caging effect” [34] which
may lead to incomplete reaction of amine or epoxy group during the formation of high
density thermoset network . Due to statistical variations present in the polymerization
processes polymers are polydisperse or heterogeneous in molecular weight. Although
it is generally recognized today that the model of coexisting regions of higher and
lower crosslink density adequately describes the morphology of highly crosslinked
thermosets [35], the concept of the formation of inhomogeneous (the microscopic
inhomogeneity in the network structure which appears to be macroscopically
homogeneous) thermoset network morphology still remains incompletely understood.
The above mentioned physical and structural changes in turn often significantly affect
both polymerization kinetics and the structure and properties of the resulting polymers
[36,37].

3.4.1.1 Effects of curing agent

The curing agent determines the type of curing reaction which occurs, influences cure
kinetics and thus the processing cycle—viscosity versus time — and gelation, and
affects the final properties of the cured system. The difference in cured properties
between aliphatic and aromatic amine cured epoxy resin, for example, will be

mentioned later.

3.4.1.2 Effects of Stoichiometry

Stoichiometry is of critical importance in step polymerizations. Considering the
epoxy system cured with amine curing agent, there should be no unreacted epoxy or
amine when cure is completed in order to obtain the optimum properties. Each amine

group can react with two epoxies. Thus, the ratio of amine to epoxy moieties must be

1:2. This proper ratio is termed the stoichiometric point and is calculated as follows

( MW of amine / available H for reaction ) / ( epoxide equivalent weight) * 100

This stoichiometric ratio is one important variable controlling the ultimate network

structure and significantly affects properties including — glass transition temperature,
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modulus, crosslinking density and strength. Systematically changing the
stoichiometric ratio over a wide range, the effect of this important variable on the

ultimate properties of the epoxy networks can be investigated.

3.4.1.3 Monomer functionality and its effect on crosslink density

The crosslinked networks formed in a thermosetting polymer grow in three
dimensions having all of the monomers functionalities greater than two. This is what
causes the fundamental property differences between thermosets and thermoplastics.
Thermoplastics are linear polymers where the polymer chains grow in a single
direction having all of the monomers functionalities of two. However, some thermoset
monomers have a higher functionality than others. This has a significant effect on the
potential crosslink density that a thermosetting polymer can have. A monomer with a
functionality of three can only form half as many crosslinks in its network than a
polymer with a monomer functionality of four. A higher crosslink density means
more dimensional stability, high mechanical strength, as well as a higher glass

transition temperature.

3.4.1.4 Effect of monomer’s chemical structure and molecular weight

The size of the monomer unit plays a role in the crosslink density of a thermosetting
polymer. If a monomer unit has long polymer chains between functional groups, the
final polymer is much more limited in terms of the final crosslink density. The
chemical structure heavily influences the glass transition by affecting mobility—

¢ flexible main chain components lower T .

* bulky side-groups raise T .

* increasing the length of flexible side-groups lowers T, .

® increasing main chain polarity increases T .

A property derived from the monomer’s chemical structure that affects the final glass
transition temperature of a thermoset is the molecular weight between crosslinks. In
general, a higher molecular weight between crosslinks leads to a lower glass transition

temperature because of increased flexibility in the individual polymer chains.
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Molecular weight influences T significantly at lower molecular weights where the
excess of free volume associated with chain ends is significant. As molecular weight
increases the concentration of chain ends decreases until its contribution to the free

volume becomes negligible.

3.4.1.5 The effect of degree of mixing in cure kinetics

The degree of mixing of resin and hardener is an important parameter which will have
a crucial effect on the kinetics of the cure process [45], and it is qualitatively well
known that a higher degree of mixing leads to more rapid and complete development
of the cross-linked network. So, this parameter needs to be quantified for complete
analysis. Possible ways of quantifying the degree of mixing could include X-ray or

optical techniques [45].

3.4.1.6 The effect of fillers on reaction kinetics

Many thermosetting compounds contain a variety of additives and ingredients
including fillers and reinforcing agents. Fillers are used for various reasons and can
have a significant effect on part shrinkage, flame retardancy, and cost which were
mentioned previously. Therefore, the influence of fillers on the curing kinetics is of
considerable interest. It is also vital to understanding the rheology of filled
thermosets. For instance, the effects of filler concentration on viscosity can be used in
process control to monitor batch to batch variations or to provide essential
information for research into alternative filler/resin batches. Ng et al [66] examined an
epoxy resin system with silica filler and established that the elastic modulus of the
resin can be expressed in terms of filler concentration and the modulus of the matrix
and that of the gel time is reduced as filler concentration increases. Dutta and Ryan
[67] also examined the effects of fillers on the kinetics of an epoxy-diamine reaction,
where they found that the type of filler can affect the reaction kinetics. According to
them, carbon-black fillers increase the reaction rate via Kinetic rate constants and
silica fillers affect the reaction rate through activation energies. Carbon-black filled
systems had an insignificant effect on the activation energy of the cure reaction. A
brief overview of the effects of fillers on the chemoviscosity of thermosetting resins

in connection with recent research is given in the paper by Halley et al [5].
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3.4.1.7 The effect of temperature on cured properties

The effect of temperature on the rate and degree of polymerization is of prime
importance in determining the manner of performing a polymerization. Increasing the
reaction temperature usually increases the polymerization rate and decreases the final

molecular weight of polymer [34].

3.4.1.8 Effect of amine structure on epoxy-amine system

Amines are often used as curing agents for epoxy resins to form crosslinked chemical
structures possessing high glass transition temperature and strength. Research shows
that the relative reactivity of primary amine versus secondary amine with epoxy is
strongly dependent on the type of amine used. Moreover, variations in this relative
rate of reaction can strongly influence processing behaviour of epoxy-amine systems

by affecting viscosity development and the gel-point conversion.

Horie et al [52] argued that an increase in the number of methylene units in aliphatic
diamines of the structure Hy N— ( C H; ), —N H; reacted with a DGEBA epoxy
resin results in an increase in the final conversion, with near 100% conversion being
achieved by diamines with six or more methylene units. In their research study, the
supposed lack of high conversions in shorter amines was attributed to the restriction

of segmental mobility due to high levels of crosslinking.
3.4.1.9 Differences between aliphatic- and aromatic-amine cured epoxy resin

Previously it was mentioned that curing agents affect properties of the cured system,
Research shows that epoxy resin cured with cyclo-aliphatic amine system shows a
lower Ty, higher rubbery modulus and a wider glass transition than epoxy cured with
aromatic amine system [17]. The lower T; of the aliphatic system is to be expected
from the lower stiffness of the cycloaliphatic moiety compared to its aromatic
counterpart. The higher rubbery modulus of the aliphatic amine system shows that it

has a somewhat higher crosslink density than the aromatic system which is further
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indicated by the wider glass transition. These results reflect the fact that the two

amines must react in different manners, producing networks with different structures.

It is well known that under extreme conditions of high cure temperature in the epoxy-
amine reaction, etherification side reaction occurs [25] which adversely affects
network formation. It is much more prevalent in aromatic amine systems than in
aliphatic amine systems [46]. This is because of the lower basicity of aromatic amines
which makes them less reactive towards epoxy groups and the higher cure
temperatures employed with aromatic amines. The etherification reaction has a higher
activation energy than the amine-epoxy addition [47], and thus competes more with
the secondary amine reaction at higher cure temperatures. The lower tendency for
etherification in the aliphatic amine leads to a higher fraction of tertiary-amine groups

in this system compared to the aromatic amine system.

3.4.1.10 Inhomogeneity vs. final properties in epoxy system

The occurrence of different chemical reactions during cure is apt to lead to the
formation of inhomogeneous network morphology which is a function of curing agent
concentration [21]. Variations in morphology within the same system, in turn, would
result in the local differences in physical/mechanical properties and durability of
thermosets. An inhomogeneous morphology has been correlated to physical/
mechanical properties of amine cured-DGEBA type epoxies [35, 44]. However, a
unifying concept of direct quantitative relationships between cure kinetics and the

corresponding morphology has not been advanced.

3.4.1.11 Development of structure in rapid and longer cure epoxies

Dixon et al [45] had showed that there appears to be a fundamental difference in the
way that the elastic moduli develop in the rapid cure and longer cure time epoxies. In
terms of the reaction kinetics and the development of the structure on a microscopic
scale Dixon et al [45] had showed that a generic difference exists between the curing
reaction in rapid cure and longer cure epoxy adhesive systems. In case of rapid cure
systems it would appear that the un-reacted polymer chains do not have sufficient

time to reach locations on the network to which they can cross-link. The subsequent
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cross-linking reactions occur at a much slower rate as the un-reacted polymers must
orientate themselves or diffuse into a position where they can cross-link to the
network. In longer cure epoxies, the rate of reaction is much slower and the un-
reacted polymer chains have sufficient time to orientate or diffuse to the correct

position for cross-linking reactions to occur.

3.4.2 Degree of cure

The amount of curing agent used is generally calculated on the assumption that for
each reactive site in the resin there will be one in the curing agent. This gives a
reasonable estimate of the relative proportions of each component and the optimum
proportions can be obtained experimentally. Overcuring results in adhesives which
have too many crosslinks, they are generally brirtle and do not adjust to mechanical
impact or expansion and contraction with changing temperatures. Undercured
adhesives do not have enough crosslinks. They may be cohesively weak and may also
be subject to excessive moisture absorption, further decreasing their cohesive
strength. With amine cured systems it is generally found that too low a quantity of
amine does not allow complete curing, whilst excess amine causes the final product to
be brittle. Associated with this problem is the degree of cure. Not only is it necessary
to employ the proper amount of curing agent to achieve thorough crosslinking of the
system, but it is necessary to discover the cure time and/or cure temperature which

will bring about this thorough crosslinking in a practical or convenient period of time.

The degree of cure can be defined where all reactive sites have been reacted during
cure, or more realistically, until conversion has stopped. In the latter case some of the
reactive sites are blocked by the solid network. For instance, in epoxy resins, the
degree of cure has, by custom, come to refer to the extent to which the epoxy groups
have been consumed, and, when present, the extent of consumption of the reactive
elements in the curing agent. This definition of the degree of cure are based on

conversion of reactive sites, is related to the reaction kinetics of cure.

The meaning of cure can also be considered in more pragmatic terms. In the real
world of curing technology most of the users prefer as definition of (sufficient degree

of ) cure that— “ the cured product meets the needs of its functional properties to be
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commercial”. Therefore, for practical purposes, a thoroughly cured system is
considered one in which the degree of crosslinking is sufficient to provide optimum
physical properties for a particular application. This varies widely depending on the
nature of the constituents but generally aromatic amines are less reactive than
aliphatic amines and higher temperatures are required for full cure. Complete cure,
requiring consumption of éll unsaturated elements, is seldom if ever obtained even

under laboratory conditions.

During cure, there are two aspects to the reactions involved : conversion ( the actual
disappearance of reactive elements) and, more importantly, crosslinking (the coupling
of the molecules into three-dimensional networks through reactive residues to form
the desired thermoset resins). It is obvious that in any highly crosslinked system there
will be reactive groups which are sterically hindered from reacting [51]. The
development of a high density network may lead to incomplete reaction of amine or

epoxy group as a consequence of the so called “caging effect” [34].
3.4.2.1 Post-cure heating and degree of cure

A higher degree of cure results in a higher crosslink density (higher rubber modulus)
and hence in matrices with higher T, . Post-curing at high temperatures increases the
conversion of epoxy groups and modifies the crosslink density of the network.
Wisanrakkit and Gillham [16] showed that when the glass transition temperature of a
constructed network did not change with an increase in post-cure time or postcure
temperature then the reaction had reached full conversion. Above the glass transition
temperature entropic contributions are the key to determine the elastic behaviour of
the material, whilst at temperatures lower than the glass transition temperature, the

variations in the internal energy of the systems become considerable.

In recent years, intense research has been devoted to the development of
interpenetrating polymer networks ( IPNs). In this class of materials, high post cure
temperature cannot completely cure the material. IPNs are a new class of polymer
blends that can be defined as a mixture of two or more crosslinked polymers held
together predominantly by permanent entanglement of networks rather than by

covalent bond grafting. Curing kinetics of simultaneous DGEBA/Unsaturated
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polyester (UP) IPNs formation was studied by means of DSC [13]. A lower total heat
of reaction developed during simultaneous polymerization in both dynamic and
isothermal DSC tests was found, compared to the total heats developed during the
cure of pure resins. For curing in dynamic conditions this phenomenon can be
interpreted as an effect of “network interlock” that could not be compensated
completely by an increase of curing temperature. Namely, the mutual entanglements

of the two networks provide an extra sterically hindered environment to the curing
reactions and restrained the mobilities of both components [13]. During isothermal
cure the incomplete cure was attributed to both the “network interlock” and the

vitrification of DGEBA resin.

3.4.2.2 Relation between chemical crosslinking and degree of cure

During the polymerization process the relaxation time T increases spontaneously,
which reflects an increase in the hinderance of molecular motions possibly caused by
the increase in the chainlength and the number of crosslinks. The physical nature of
chemical crosslinking is quantified and represented by two fundamentally different,
but conceptually equivalent measurements. The most definitive value to represent
cure is the crosslink density. The crosslink density is a quantitative measure of the
number of crosslinks that exist in a given volume in the thermosetting polymer. The
crosslink density is equal to the inverse of the molecular weight between crosslinks.
The value of the crosslink density is related in some fashion to the degree of cure.
Pollard predicted the gel point of multifunctional epoxy-amine system at which the
deviation of experiment from theory occurred for the degree of cure [53]. The degree
of cure does represent a certain level of chemical crosslinking in the thermoset, but
the value obtained for the degree of cure is relative. In the research study of Pindinelli
et al [1] and Maffezzoli et al [54], ultrasonic longitudinal modulus has been compared
with the degree of reaction measured using differential scanning calorimetry and the
ultrasonic longitudinal modulus is correlated well with the crosslinking density
combining with degree of reaction. The development of the high frequency
viscoelastic properties of the material is linked in an inextricable way to the degree of
cure as the polymer structure develops, though the type or nature of this link is not

known in a quantitative sense. The determination of the degree of cure from the
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amount of chemical conversion is not satisfactory as the sole means for evaluating
thermosets. The extent and character of the three-dimensional network formed during
cure must be determined as well. Basically, uncured and fully cured states on the
material must be defined to determine the degree of cure. Once these limits have been
characterized, the degree of cure and the crosslink density become directly related.
Thus the chemical crosslinking in a thermoset polymer corresponds to the physical
nature of the polymer’s cure. Obtaining the glass transition temperature of network
polymers is crucial to understanding the relationship between the polymer and its

crosslink density.

Another set of physical measurements that one can relate to the degree of crosslinking
in a thermoset is the dielectric properties of the polymer during cure. Several
instances are available in which researchers have related the changes of electrical

conductivity in a thermoset to the change in degree of cure during the cure reaction.

3.4.2.3 Ultrasonic and DSC estimation of degree of reaction and crosslink density

In the research of amine cured epoxy resin by Pindinelli et al [1] and Maffezzoli et al
[54], ultrasonic bulk longitudinal modulus (L) has been compared with the degree of
reaction measured using differential scanning calorimetry. Furthermore, a correlation
between the ultrasonic modulus and the crosslink density is presented combining DSC
data with the stoichiometry of reactants according with the statistical theory of Miller
and Macosko [56,57].

A comparison of time dependence of longitudinal modulus and the degree of reaction
as per research of Pindinelli et al [1] is illustrated in figure 3.2. The experimental data
[1] indicate that ultrasonic measurements (ultrasonic longitudinal modulus) show a
limited sensitivity at the beginning of the cure whereas at the end of cure shows a
better sensitivity than DSC which shows negligible changes of the degree of reaction
(figure 3.2).Figure 3.3 illustrates a plot of L as a function of the degree of reaction a
at corresponding times for three different cure temperatures. From these data it is

evident that ultrasonic longitudinal modulus is mainly sensitive to the increasing
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crosslinking density occurring after gelation rather than to the number of reacted

groups.
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Figure 3.2 Comparison of time dependence of longitudinal modulus and degree of
reaction (after Pindinelli et al [1]).
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Figure 3.3 Longitudinal modulus as a function of the degree of reaction (after
Pindinelli et al [1]).

Here, in view of comparison of different techniques of cure monitoring it can be
mentioned that study shows [27] that DMA, is quite sensitive to the rubbery modulus
(and as such, the cure state), but is limited practically to cure states above gelation.
NMR and X-ray studies of the curing thermoset can measure structural changes and

differences in composition [11]. Basically, NMR spectroscopy enables tracking of the
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underlying chemistry of cure process and can relate the chemical structure of the
thermoset to its mechanical properties. DSC shows apparent insensitivity to changes
in the mechanical properties of a developing polymer network. Since the ultrasonic
technique can be applied to all cure states it could be exploited for an on-line process

monitoring ; particularly of postgel properties.

In the theory of rubber elasticity Flory [38] gives the theoretical prediction of the
evolution of mechanical properties after gelation . Pindinelli et al [1] and Maffezzoli
et al [S4] computed it by applying the statistical approach of Macosko and Miller
[56,57] for stepwise polymerization. Using a simple recursive method they derived

the probability of a finite or dangling chain in a polymer network. Then finite chain
probabilities are derived for a variety of networks as a function of type and extent of
reaction. From these probabilities, useful post-gel properties of network polymers
such as sol-fraction, cross-link density and the number of elastically effective network
chains was readily developed. Then ultrasonic longitudinal modulus L was better
correlated with the degree of crosslinking, defined as the concentration of effective

Jjunction points in the infinite network, rather than with the degree of reaction.

The two useful parameters considered are crosslinking density (n) and the
concentration of active network chains (v).The crosslinking is associated with a
significant stiffening of the material and the active network chain represents only of
the development of crosslinking segments which appear to significantly affect the
stiffness of the resin [1]. It has already been mentioned that the cross-link density is
considered as the concentration of effective network junctions. Taking rubber
elasticity into account, a network chain can be considered “effective”, act like an
entropic spring, if it is long and if its ends are effective cross-links and are spac