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ABSTRACT 

Thermoanalytical techniques and dielectric analysis were used in this study to describe 

and characterise the cure processes occurring during the isothermal and dynamic cures 

of four epoxy/amine resin systems. 

The complexity of the cure reactions was illustrated by results from DSC and FTIR 

experiments and was attributed to the variety of chemical reactions between the epoxy 

and the amine groups. Several phenomenological and mechanistic cure kinetics models 

were constructed, based on the cure reaction mechanisms, in order to simulate the 

degree of conversion during the cure. A one-to-one relationship was established 

between the degree of cure and the glass transition temperature of the curing resin, 

which was finther used in the construction of chemoviscosity models and in a 

simulation of the viscosity advancement during the cure. 

A number of mathematical techniques were utilised to evaluate the parameters 
involved in all the models, varying from simple linear regression methods to complex 

non-linear least squared estimation procedures. 

An in-situ dielectric monitoring technique was used in combination with the above 

mentioned chemorheological models, to investigate the feasibility of a quantitative 

correlation between the changes in the dielectric signal, the cure advancement and the 

major physical transformations, namely gelation and vitrification. The imaginary 

impedance response of the curing resin, as measured by the dielectric technique, 

showed good agreement with the degree of conversion, depicting all the crucial 

characteristics of the curing mechanism, such as autocatalysis and diflusion. The 

endset of the cure reaction was also identified from the endset of the conductivity 

changes and correlated to the vitrification time. 

The analytical chemorheological models developed in this study to describe the cure 

processes for some epoxy/amine resin systems, along with the dielectric monitoring 

technique used, suggest that a real-time link between the above mentioned models and 

the cure monitoring technique can be achieved. This would greatly enhance the 

predictive capability of the technique and form the basis of a future feedback-loop 

control system. 
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Ki reaction rate constant 
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XE concentration of epoxy groups 
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4 conversion of epoxy groups 
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Chapter One 

1. Introduction 

The curing of thermosetting composites is a complex process, which can be illustrated 

by the flow-chart in Figure 1.1. The effective process control of the manufacture of 
these materials depends on the existence of valid mathematical models (heat transfer, 

resin cure kinetics, chernoviscosity, glass transition temperature advancement), and on 
the implementation of a real-time cure monitoring technique. It is necessary to have a 
link in real-time between the above mentioned models and the cure monitoring signal, 
in order to have the basis for feedback-loop control. Irrespective of the experimental 

route selected for the monitoring of the cure, the predictive capability required to 

achieve a feedback-loop can only come from a valid set of models, as illustrated in 

Figure 1.1. 

The present study aims to explore the potential in developing accurate models for the 

cure kinetics and the chemoviscosity of the curing resins (see shaded area in Figure 

1.1). During the cure of a thermosetting resin a number of complex chemical and 

physical changes occur as the material turns from a viscous liquid to a highly 

crosslinked solid. All these changes, which are reflected in the cure kinetics and the 

chemoviscosity characteristics of each individual resin system, determine the optimum 

set of process parameters for the production of a material that will have the best 

morphological and structural properties for a given application. 
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Figure 1.1 Parameters in composites cure 

To date, an extensive effort has been applied to the study of the nature of the chemical 

reactions that occur during the cure of thermosets and in particular of epoxy resins ("), 

as these form the majority of the resin matrices used in the aerospace composite 
industry. Apart from the qualitative evaluation of the chemical processes involved in 

epoxy cure, a range of mathematical models has also been produced, in order to 

simulate the conversion advancement during the cure. They range from purely 

phenomenological models to models based on the actual cure mechanism and on the 

evolution of the concentration profiles of all the reactive species involved ('- '). Despit e 

the effort that has been expended in the exploitation of the cure kinetics of the epoxy 

resins, there is still no general model that can apply to the cure of all epoxy resins. The 

fact is that, for each epoxy resin system or at least for a family of epoxy resins, the cure 
kinetics of the system have to be reevaluated. 
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Such a situation represents a severe limitation to an industrial application of any 

monitoring or control system that requires a quantitative knowledge of the resin -cure 
kinetics. 

The present study was undertaken in the context of a large, collaborative, industrial 

programme. It has the aim of exploring the feasibility of constructing a set of 

mathematical and numerical models that can be applied to the majority of epoxy resins. 
Reasons for any failure of applicability will be analysed. 

The major physical transformation that occur during the epoxy cure, gelation and 

vitrification, are important parameters in the processing of fibre reinforced composites. 
Whether or not a particular thermoset resin system is suitable for a given fibre- 

reinforced composite processing technique, depends critically on its viscosity evolution 
during the processing cycle. For fabrication of composite parts from prepreg, 
knowledge of the viscosity profile gives guidance on when the pressure should be 

applied during the cure cycle (prior to gelation), in order to achieve part consolidation 

without excessive resin flow. For resin transfer moulding (RTM), the viscosity of the 

resin at the early stages of the cure is an additional concern. The requirements for 

successful mould filling are low resin viscosity for satisfactory impregnation of the 

preform and long pot-life. Therefore, knowledge of the evolution of rheological 
(6 - 8) 

properties of curing thermosets is essential for their successful processing 

Determination of the end of the cure is also a key issue in the composite industry. 

Vitrification times indicate the completion of the cure at the cure cycle of interest and 

the end of the processing ran. 

The ideal cure monitoring technique would be capable of following, in a direct way, 

the parameters involved within the shaded boxes of Figure 1.1. An extensive report 

from the US Department of Commerce (9) assesses the "State-of-the-art for Process 

Monitoring Sensors for Polymer Composites". Dielectric techniques were at that stage 

significantly ahead of the alternatives, in terms of practical development. Recent years 

have witnessed a great rise in interest in real-time cure monitoring techniques. 
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The debate on the "pros and cons" of the two most advanced methods, in particular, the 

microdielectrometry based on following the dielectric changes in a curing resin via 

embedded dielectric sensors (10) and the fiber optics, which follow the changes in the IR 

spectrum of a curing resin via embedded optical fibers ("), has demonstrated that, in 

reality, neither offers a complete solution. 

Previous work on the implementation of microdielectrometry in epoxy cure monitoring 

has demonstrated the effectiveness of this method to establish the points of maximum 

flow and the onset of gelation and'to identify the completion of the cure in most of the 

commonly utilised aerospace composites ("). The ability of the technique to follow the 

cure advancement continuously during a thermal cure cycle, makes this technique even 

more competitive ("). Microdielectrometry has been used in this study as a means of 
detecting the characteristic points in the epoxy cure (gelation and vitrification) and to 

simulate the cure advancement from the changes in the dielectric signal. The feasibility 

of correlating the changes in the dielectric signal with the changes in the cure will be 

exploited and comprehensive relationships will be constructed as a means of 

representing these changes in a mathematical form. The generic nature of this approach 

will be tested and considerations will be made for its application for the eventual 

design of a feedback loop control system for composites processing (see Figure 1.2). 
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2. Theoretical Background 

ZI Epoxy resins 

The term "epoxy resin7' is applicable to both the prepolymer and to the cured resin, 

with the former containing reactive epoxy groups (also called oxiranes or ethoxyline 

rings), hence their name (see Figure 2.1). In the 

-R-CFý-CH-CFý cured resin, the epoxy groups may have all 

reacted, forming a crosslinked three- 

Figure 2.1 Epoxy ring dimensional network, so that although there are 

not any groups left, the cured resin is still called 

epoxy resin. Epoxy resins are important 

industrial polymers, but their relatively high cost restricts their use to applications 

where there is a need for their high technical advantages. 

Commercial epoxy resins were marketed for the first time in the 1940s, although 

similar products had been patented in the 1930s. The reaction product of bisphenol A 

and epichlorohydrin was the first marketed epoxy resin, a route that is still followed 

today for the major production of these resins (see Figure 2.2). For a more detailed 

analysis of the epoxy resins manufacture, the reader is invited to look at Bryan Ellis' 

discussion on the subject ("). 
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101 
CH3 

CH2-CH-CH2-CI HO c- _OH 
CH3 

ECH 1 
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0 
CH2-CH-C 

D! gWdA Ether of bisphenol A (DGEBA) 

Figure 2.2 Production ofDGEBA resinfrom bisphenol A and epichlorohydrin 

The continuous demand for materials for specialised applications has given rise to 

innovations in epoxy resin technology that have involved the synthesis of epoxy resins 

with specific characteristics and properties. For the aerospace industry, these 

innovations have led to the manufacture of epoxy resins which have become the main 

matrix components for the production of continuous fibre reinforced composites (see 

Figure 2.3). 

The cure of epoxy resins involves the formation of a three-dimensional network as a 

result of the reaction with an appropriate hardener (effective functionalityf > 2). These 

tightly crosslinked networks provide the properties that are highly demanded from the 

advanced materials industry, such as very high glass transition temperatures (Tg), low 

shrinkage, high adhesive strength, good chemical resistance, and good heat resistance. 
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Triglycidyl ether of tds(hydroxyphenyl)methane 

Figure 2.3 Some ofthe main epoxy resins used in composite manufacture 

Z2 Curing of Epoxy Resins 

The conversion of epoxy resins to hard, rigid thermosets with a three-dimensional 

network is directly related to the use of crosslinking agents, that provide the 

appropriate linkages for the epoxy molecules to connect with each other. Cure reaction 

mainly involves homopolymerisation of the epoxy groups initiated by a catalytic 
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curing agent and a polyaddition/copolymerisation reaction with a multifunctional 

curing agent. 

2. Zl CuringAgents 

The rapid development of highly technological end products has increased the demand 

for specialised curing agents that meet the spec I ifications of the product. 

The most common curing agents for the epoxy resin cure are: 
Curing agents containing nitrogen. 
A. aliphatic arnines and derivatives (EDA, DETA, TETA), cycloaliphatic 

amines and derivatives (PACM, DACH, IPDA), aromatic amines and 
derivatives (DDM, DDS, DETDA). They act as curing agents for the 

polyaddition reaction. 
Catalysts and co-curing agents (tertiary amines, imidazoles, ureas). 
They act either as catalysts for the crosslinking by homopolymerisation 

or as accelerators and co-curing agents for polyamines, polyamides and 

anhydrides, or as activators. 
Curing agents containing oxygen. 
A. Carboxylic acids and anhydrides (TGIC, HBPA, TMA), phenol 

formaldehyde resins (P-F resins) and amino formaldehyde resins (M-F 

resins). 
111. Curing agents containing sulphur (polysulphides, polymercaptons). 

Z22 Cure Reaction Path 

In general, epoxy resin curing reactions involve opening of the epoxide ring followed 

either by a homopolymerisation reaction with further epoxide, or reaction with other 

curing agents to form additional products. Amongst the curing agents of greatest 
technological importance are the polyamines and anionic or cationic catalysts. 

General Reaction Scheme 

The most common procedure in curing epoxy resins is the reaction with polyfunctional 

amines. A great variety of aliphatic di- and poly-amines and aromatic diamines are 
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used as epoxy resin curing agents. 
The basic reaction of epoxides based on diglycidyl ether of bisphenol A (DGEBA) 

with primary and secondary amines, in the absence of catalyst, involves the addition of 
the primary and secondary amino groups of the polyamine to the epoxy group, with the 

simultaneous evolution of one hydroxyl group due to opening of the epoxy ring. This 

reaction scheme can be represented by the following reactions (" ") : 

e Primary amine addition: 

0 
R-Ni2 + CFý-CH-R 30 R-NWCFý-CH-R 

I 
OH 

e Secondary amine, addition: 

/0\ 

R-NH + CR2-CH-R' )IN R-N-Chý-CH-R' 
11 
R OH 

Experimental evidence shows that the two epoxy groups of this type of resins have the 

same reactivity, hence these reactions proceed with the -NH amino group attacking the 

epoxy ring randomly. 
These reactions are catalysed by acids such as Lewis acids, phenols and alcohols. The 

hydroxyl groups formed by the amine/epoxide addition reaction can act as catalysts, 

accelerating the reaction at the early stages and showing the typical performance of an 

auto-catalysed reaction. 

N 
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Figure 2.4 Catalytic effect of hydroxyl groups on the epoxy - amine reaction by the 
formation of an activated compkx in the combined reaction of amine, epoxide and 
hydroxyl 

The catalytic effect of hydroxyl groups on the epoxide/amine addition reaction 
involves an activated complex formed in the combined reaction of amine, epoxide and 
hydroxyl. Smith ") suggests that an activated complex is formed in a bimolecular 

reaction between an adduct formed from the epoxy group and the proton donor (BX), 

and the amine (see Figure 2.4), with the reaction of the activated complex being the 

rate-determining step. 

Barton, in his paper on the application of Differential Scanning Calorimetry to the 

study of the epoxy resin curing reaction("), has surnmarised the catalytic effects of the 

hydroxyl groups on the amine addition reaction. The proposed reaction scheme is the 

formation of either an epoxy-proton donor adduct or more likely an amine - proton 
donor adduct because of the higher basicity of the amine in respect to the epoxy group. 

In cases where the amine. is present in less than stoichiometric concentrations, further 

reaction of the epoxy groups with the hydroxyl groups may occur, producing an ether 

group according to the general reaction: 
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/0\ 
RN-CH2-CH- + CH2-CH- lim RN-CH2-CH- 

III 
UH L)-L; "2-CH- 

I 

ut-i 

According to the type of the epoxy/amine system, some other reactions can also 

become operative to various extents, i. e. anionic or cationic polyinerisation reaction of 

the epoxy groups, initiated by an interaction of the epoxy group with tertiary amine or 

a Lewis acid, occasionally also in the presence of a proton donor. 

Polyfunctional EPoxyLAmine Systems 

The preparation of high-performance composites involves polyfunctional epoxy resins 

(functionalityf > 2) in mixture with diamines and catalysts for the acceleration of the 

overall reaction. Typical epoxy resins used in such applications are those based on the 

tetrafimctional epoxy resin tetraglycidyl-diaminodiphenyl-methane (TGDDM). 

The general reaction scheme of such epoxy/arnine systems follows the same path as the 

systems based on diglycidyl ether of bisphenol A (DGEBA) resin. This involves the 

primary and secondary amine additions as the major steps for the curing reaction, 

followed by side reactions such as etherification and homopolymerisation, where the 

type of the reacting system and the conditions under which these reactions occur are 

favorable. 

The most significant difference of the reaction of TGDDM with amines from that of 

epoxides based on diglycidyl ether of bisphenol A is the strong tendency of TGDDM 

and its derivatives to cyclisation, in contrast to DGEBA where no cyclisation occurs. 

Direc t recognition of such structural elements has been attempted recently using 

various spectroscopic techniques. Cyclic structures within a polymer network have 

been identified using model compounds of polyfimetional epoxy/amine systems. In the 

reaction of N-diglycidyl systems with amines, intramolecular cyclisation occurs under 

the general reaction shown in Figure 2.5("), to give morpholine (III), perhydro-1,4- 

oxazepine (III), perhydro-1,5-diazocine (IV) and perhydro-1,4-diazepine (V) ring 
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systems, in addition to the intermolecular reaction giving chain products (VI). 
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Figure 2.5 Products of cyclisation reactions during the cure of a polyfunctional 

epoxylamine system (from Ref. 17) 

Although nucleophilic attack of amines on epoxides usually occurs at the least 

hindered carbon atom, Baldwin's rules for ring closure ("), which are based on 

stereochemical considerations, predict that in a six versus seven membered ring 
formation (ring compound H versus ring compound IH), the former is favoured. 

Although Baldwin does not consider a competitive ring forming situation of seven 

versus eight membered ring formation (ring compound V versus ring compound IV), 

he does predict the formation of seven membered rings, whereas experimental. 

evidence so far only supports the formation of eight membered rings. 
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Matejka and co-workers (", ") have studied cyclisation during the reaction between 

diglycidylaniline (DGA) and amines. Cyclisation was proved to occur in a model 
bifunctional system of DGA and aniline (A). Several types of rings were isolated from 

the reaction mixture and identified. The eight membered ring (ring compound IV), was 
found to be formed at the very beginning of the reaction by intramolecular addition, 

whereas six- and seven-membered rings (ring compounds II and HI) were found to 

arise in a later stage of the reaction, mainly when epoxide was used in excess. It was 

estimated that some 60-70% of the etherification reactions take place through the 

intramolecular ring formation reactions. 

Catalyst Accelerated Reactions and Homopolymerisation 

The extensive application of thermosetting resins in polymer matrix composites has 

given rise to areas of work related to the decrease of total energy consumption without 

accompanying loss of properties. In practice, this has led to formulations incorporating 

catalysts to accelerate the thermal curing reaction. Such formulations, because of the 

low reactivity that is provided by the catalyst at ambient and sub-ambient 

temperatures, allow a degree of storage that offers good stability of the uncured resin, 

an issue of great importance to the composite manufacturing industry. The 

borontrifluoride ethylamine (BFE) complexes are found to be particularly well suited 
in this context. 

The two most common catalysts of this type, used commercially to cure epoxy resins, 

are boron trifluoride monoethylamine, BF3: NH2C2H5, and boron trifluoride piperidine, 

3. NHC5HIO, complexes. Such complexes are latent catal sts at room temperature but BF -y 

enhance epoxide group reactivity at higher temperatures. The catalytic effects of such 

compounds give rise to a rather complicated reaction mechanism (2'), Which depends on 

the chemical composition of the catalyst itself and on the complexes that are formed 

during the reaction. Commercial compositions of BF3-amine catalysts are variable and 

contain BFý and BF3(OH) salts together with other highly reactive species. At 85'C 

and above, solid BF3: NH2CH5 slowly converts to the BFýNH'C2H salt with 3 .5 
associated fluorine loss. This salt formation is accelerated in the presence of TGDDM 
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resin but not in the presence of DDS curing agent. In the presence of H20, 

BF3: NH2C2H, hydrolyses to BF3(OH)-NH*3 C2H. at 850C, whereas at ambient 

temperature this hydrolysis is slow. The chemically stable and mobile BFýNWC2H5 3 

salt is identified as the predominant catalytic species and acts as a cationic catalyst for 

the cure reaction. The general scheme for the catalytic mechanism of the catalyst 
BF3: NH2C2H. was given by Happe et al (22) and mainly involves the following steps: 

0 BF3: NH2C2H., disproportionation to: 

3 -[BF, (NH Hs 2BF3: NH2C2H,,: =>BF, -NH'C2H, +BF2NHC2H, or [BF, ] 
2C2 

)2]+ 

0 Monoboroester fonnation: 

H OBF2 
1/0\1 

BF2-N-C2H5 + R-CH-CH2 ip R-Utl-CH2-NH-C2H5 

* Monoborester catalysis for epoxy-epoxy reaction: 

OBF2 A 
bo R-CH-O-CH 2 K'-Utl-L; H2R" + R'-CH-CH2 

1 2-CH-OBF 
ý-; M2K" K 

Evidence exists for catalyst deactivation, especially due to hydrolysis of the 

monoboroester, although the presence of impurities in the reactive mixture such as 

mica, asbestos and alkaline could also lead to deactivation. 
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Miscellaneous Aspects of the Reaction Mechanism 

In general, cured epoxy resins are brittle because of their highly crosslinked structures. 
In the adhesive field the usual route to improve the toughness of epoxies is to 
incorporate a reactive liquid rubber in the epoxy network as a secondary phase. 
However, this can lead to the rubber partly dissolving in the epoxy matrix, and produce 

unacceptable decreases in both modulus and glass transition temperature. Another 

possible way of toughening is to alter the structure of the prepolymers. For this 

purpose, a variety of curing agents have been tried, differing in their backbone 

stiffness, to maintain a high value of glass transition temperature of the matrix. Grillet 

et al(") have studied the effects of the structure of the aromatic curing agent on the 

epoxy network using formulations based on a DGEBA prepolymer. Their results show 
that curing agents containing SO, groups are less reactive, because these are highly 

electron-attracting groups which decrease the basicity of the amine. The group -CH2-, 
as an electron donor, increases the reactivity of the amine, whereas the -0- group 
decreases the reactivity of the amine. 
Other aspects that can alter the normal reaction path for the epoxy/amine cure are the 

interfaces between the fibres and the epoxy matrix in a composite material. The fibres 

may induce morphological modifications near the surface, which are not present in the 

bulk, thus, the chemical composition of the surface zone might be totally different 

from the bulk composition. Surface treatments of the fibres are often carried out 
(oxidation, irradiation, coating deposition), producing reactive groups that may act as 

catalysts when the network is being formed. Grenier-Loustalot and GrenieP) have 

studied the influence of the reinforcement on the mechanism of epoxy/amine curing for 

both glass and carbon fibre composites. The results show differences in the reactivity 

of the matrix (decrease in the autocatalytic part of the reaction, variation of the overall 

reaction rate), which means in principles, that the heating cycle in the production of the 

composites should be adapted depending on the reinforcement that is used. 

Wang and Gartod") have studied the interface interactions between a carbon fibre and 

a boron trifluoride catalysed. epoxy matrix, based on TGDDM, and have demonstrated 

the complex fashion by which the presence of an oxidised carbon fiber surface can 
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affect the reaction path. If the fibre is aged in a humid environment, the affinity of the 

oxidised fibre for water leads to destruction of the catalyst and retardation of the cure. 
For oxidised fibres that are stored under ambient conditions, the catalytic effect of the 

acidic fibre surface become operative, with an overall increase of the epoxy 

consumption and the proportion of the epoxy-epoxy reaction relative to the epoxy- 

amine reaction. This leads to retardation of vitrification, implying less crosslinking and 

more epoxy-epoxy sequences in the network. 

23 Major Transitions During Epoxy - Amine Cure 

The presence of polyfunctional units in a reactive system results in the formation of 

structures of macroscopic dimensions, depending on the degree of crosslinking during 

the reaction. An epoxy - amine system, which is a polyfunctional system, will therefore 

produce infinite networks during the cure reaction. It has been observed that during 

cure a number of high molecular weight particles are formed, which are dispersed in a 
low molecular weight phase that constitutes the continuous phase. The number and 

molecular weight of these microgel particles increase as the cure reaction proceeds, 

and crosslinking becomes operative. Finally, a stage is reached where phase transition 

occurs, with microgels conforming the continuous phase and the original phase of low 

molecular weight particles being entrapped in the matrix of the new phase (see Figure 

2.6). The point where the growth and branching of polymer chains, caused by 

intramolecular reactions, causes phase transition from the liquid state to the rubbery 

state, is called "gelation". This transformation is a critical point in resin cure. It occurs 

at a specific point of chemical conversion, and depends on the curing system itself and 

the environment in which the reaction takes place. 

Many attempts have been made to model the critical phenomenon of gelation and 

produce a mathematical theory that can describe it accurately. Flory(") was the first to 

model this process, and his gelation theory (branching theory) gave the mathematical 

background to other researchers for further investigation. 

Some basic assumptions have been made in the development of this theory, such as 
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that all the functional groups have identical reactivity and that no intramolecular 

reactions take place. The results give satisfactory agreement with experimental data for 

systems that follow the assumptions of the theory, like the bifunctional epoxy 

DGEBA, where it has been found experimentally that the reactivities of the epoxy 

groups are independent of each other. 

Thus, for a biftmetional epoxy-amine system, with the only reaction occurring being 

the epoxy/amine addition, the mathematical formula that gives the critical point of 

epoxy conversion for gelation is given by: 

PC (Eq. 2.1) (f, 
-1) - 

(f, 
-1) - r) 

where p, is the critical degree of epoxy conversion, f, and f. are the fUnctionalities of 

epoxy resin and amine respectively, and r is the ratio of amine hydrogens to epoxy 

groups initially present in the resin system. 

At epoxy conversions below p, all the molecules have finite size, whereas at higher 

conversions, some are infinite. Eventually, a network will be formed, with one single 

molecule in the total mass. 

Many researchers have tried to expand Flory's original theory of gelation following the 

rules of the so-called branching or cascade theory, with Gordon(") being the best 

representative of all. A more detailed analysis of this theory will be given in following 

sections (see section 2.4.3). 

Another theory that has been used to describe and predict gelation, is the Avrami 

theory of phase change. This can be described as a nuclei generation - growth theory, 

in which impingement of grown nuclei is assumed to lead to cessation of growth of the 

new phase. Pollard and Kardos(") employed this theory in a TGDDM - DDS system 

and the results were found in good agreement with the experimental data. 
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1,1.. diamine hardener a---A bifunctional epoxy prepolymer 

.. >-< .. 

>-< 
A 

unreacted resin 

00or >ý: 'N 

B 
partially cured resin 

(small branched molecules) 

Figure 2,. 6 The cure of epoxy resin. Stage A: Uncured resin, Stage B: Partially cured 

resin (small branched molecules are present), Stage C. Gelation (critical point where 
branched structures extend throughout the whole sample) 

Many other changes in the physical state of the epoxy - amine system take place during 

the cure reaction as a consequence of the changes in the free volume and in the glass 
transition temperature of the reactive system. 
During cure to full conversion at isothermal conditions, the glass transition temperature 

(Tg) increases from the value representative of the uncured monomer mixture (Tgo) to 

the fully cured value (Tg,,, ). Molecular gelation, the formation of infinite molecules at a 
fixed conversion, is a transition that occurs at an intermediate Tg value between Tgo and 

Tg, that of g,,, Tg. When the isothermal cure temperature, T, is much lower than the Tg, 

the reaction generally becomes diffusion controlled as Tg increases through T, and a 
limiting value of T. which depends on T., is obtained. This gradual cessation of the 

reaction marks the transition from the rubbery to the glassy state of the curing material. 
The resin eventually solidifies, and no further reaction will take place unless it is 

triggered by a further increase in the curing temperature. This transition, which will 

occur when Tg reaches T, is defined as "vitrification7' and be considered as the 

identification of the end of the cure. Graphical representation of the above phenomena 

C 

gelation 
(infinite molecules) 
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on the well known Time - Temperature - Transformation (TTT) diagram, which was 
(29) first adopted for the epoxy resin cure by Gillham , provides an intellectual framework 

for the understanding of the curing process and the optimisation of the processing and 

the final material properties. A similar diagram to the TTT cure diagram is the 

Continuous - Heating - Transfori-nation (CHT) cure diagram (30) 
, which illustrates the 

time for transformations that occur during the course of continuous heatin- of the resin I- I-.:. 
at different heating rates. Other isothen-nal physical properties of epoxy glasses, such I 
as density, modulus, water absorption and creep, which change with the extent of cure, I 
can also be represented in a similar manner, producing the T, - Temperature - Property 

I lb 
(T, TP) diagram"') (see Figure 2.7). 
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Figure 2.7 a) Generalised Thne - Temperature - Transformation isothermal diagram 

(TTT) with isoconversion confours. b) Schematic Tg - Temperature - Property diagram 

(T, a, TP) for thermosetting systems. 77ze physical properties of the curing system are 

determined by the different regions in the diagram (from Refs. 29 and 31) 
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The concept of the free volume considered as unoccupied space between molecules, 

resulting from their thermal motions and steric hindrance effects, can be very helpful in 

explaining many phenomena and properties of various polymer systems, in different 

physical states ("). The expression that correlates the free volume with a structural 

dependent property of the polymer network, such as Tg, may be expressed as a linear 

function of the difference between the resin temperature, T, and its glass transition 

T(13) temperature, g 

T-T) (Eq. 2.2) =jr. +a. 
(9 

where f is the fractional free volume, f, is the free volume fraction at T. and a is the 

thermal expansion coefficient of the free volume. 

A more comprehensive expression that correlates segmental mobility and conversion 

along with T., is the expression derived by Adabbo and Williams (34) using Di 

Benedetto's equatiod"), and has the form of- 

Eý, F) 
. x9 

Tg-Tgo E�, 
-( (Eq. 2.3) 

Tgo 
-( 

) 
xg 

where E, and E. are the lattice energies for crosslinked and uncrosslinked polymer 

respectively, F,, and F. are the corresponding segmental mobilities and Xg is the extent 

of conversion at Tg. 

In the presentation of the experimental results, adequate expressions will be developed 

to describe the relationship between Tg and conversion, based on Eqs. 2.2 and 2.3 
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2.4 Cure Kinetics 

The processing of thermosetting polymers involves the exposure of these materials to 

various levels of heat treatment. During such treatment, the control of temperature 
distribution and the rate of temperature rise is very important in determining the 

quality and ultimate properties of the cured resin. The temperature variation in these 

materials depends to a large extent on the heat of reaction, the specific heat capacity 

and the thermal conductivity of the material at different stages of the cure cycle. 
Therefore, in the analysis, control and design of thermoset processing operations, the 
knowledge of the above properties and their variation with temperature and degree of 

cure is important. Knowledge of the stage of network formation during cure becomes 

an important issue in thermoset processing since it provides the basis for further 

understanding of the overall cure process and of the end product. Determinations of the 

exothermic heats of reaction and of the kinetics of cure provide the tools for the 

understanding and prediction of network formation. 

In section 2.2.2, the complexity of the reaction mechanism of a thermosetting system 

under cure, such as a polyfunctional epoxy - amine system, was shown, involving a 

number of inter- and intra-molecular reactions that finally produce a rigid three- 

dimensional network. 
The determination of the kinetics of cure of epoxy resins involves more than just 

measurement of the rates of reaction of epoxy groups with the hardener. The 

determination of the gel point and of the onset of diffusion control as vitrification is 

reached, are among other important issues of the cure process. A complete evaluation 

of the reaction kinetics would involve elucidation of the mechanisms of the chemical 

reactions occurring during cure and construction of a system of a number of coupled 
differential kinetic equations that describe the mechanism and a comprehensive way to 

resolve the above system as accurately as possible. For a general reaction of the form 

of: 

A+ B+--- C+D+... 
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the differential equation that describes the Idnetics of the reaction in respect to reactant 
A, is of the fonn: 

d[Al 
dt =- K-[A]. [B] ... = K. [C]. [D]... (Eq. 2.4) 

where the brackets indicate the concentration of the involved species, the differential 

d[A] 
the reaction rate and K the reaction rate constant with an Axrhenius temperature 

dt 

dependence. 

The solution of a system of equations of the above form would give the evolution of 

concentrations of all the involved species with time and temperature. Knowledge of 

initial concentrations and reaction rate constants, or initial concentrations and 

concentrations of some of the species with time and temperature would be needed, in 

order that this solution be attainable. A priori knowledge of reaction rate constants is 

not possible for obvious reasons while evolution of concentrations with time and 

temperature is difficult to obtain, especially in a complex system such as the epoxy - 

amine system. Therefore, in most of the cases, an exact solution of the above system is 

impossible. Assumptions have to be made, either about the actual reaction mechanism 

or about some of the parameters involved. 

Generally, a kinetic analysis of the cure mechanism can be made by the following 

approaches: 

9 Generalised empirical rate equations 
(15,36) 

9 Rate equations derived from proposed "true" chemical mechanisms 
(37,38) 

* Statistical kinetics (branching or cascade theory)(", ") 

All of these, approaches, one way or another, are mathematical representations of 

reaction mechanisms that are believed to be true or that apply for a predetermined 

temperature range which is usually the temperature range of the experiment. 
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24.1 Generalised Empirical Rate Equations 

Amine addition, as it was established in section 2.2.2, has the most important role in 

the reaction mechanism of an epoxy - amine system. It has thus been the main study 
for many research groups over the last four decades. The pioneer work of Horie and 

co-workers(") has been the basis for many subsequent treatments of the kinetics of 

epoxy - amine cure. The reaction mechanism that they proposed was the primary 

amine addition given by: 

0 OH 
/\1 

-CH-CH2 + H-N-H » -Gfl-CH2-N-H 11 

01 
1 

OH 

-CH-CH2 + H-N-H + [Cat]o -CH-CH2-N-H + [Caflo 
11 

OX OH 

-CH-CH2 + H-N-H + [OH] »+ [OH 
11 

where K, is the reaction constant for the uncatalysed reaction, K', is the reaction 

constant for the reaction catalysed by any impurities, with concentration [Cat]o present 
in the reactive system initially, and V, the reaction rate constant for the hydroxyl 

catalysed reaction. A similar set of reactions for the secondary amine addition can also 

be written, with reaction rate constants K2, K2and K", respectively. Similarly with the 

etherification reaction, reaction between hydroxyl and epoxy groups, with a reaction 

rate constant KoHand the hornopolymerisation reaction with reaction rate constant KE. 

Thus the rate equation for the consumption of epoxy groups, according to the above 

described mechanism, is: 
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- 
dE 

= K, EA, + IC , Co EA, + IC', EA, (OH) 
dt 

+ K2 EA2 + K12 CO EA2 + r2 EA2 (OH) + (Eq. 2.5) 

+KOHE(OH)+KEE2(Cat) 

where E, All A2, etc. represent concentrations and Ki are rate constants. The first term 

represents the reaction of the primary arnine with concentration A,, the second term the 

reaction of the secondary amine, with concentration A2 and the third and fourth term the 

etherification and homopolymerisation reactions respectively. (Cat) is the catalyst 

concentration for the homopolymerisation reaction. 

Horrie and co-workers considered that only the catalysed reactions of epoxy groups 

were important, which means that in the mathematical representation of the reaction 

rate of Eq. 2.5 one should set K, = K2 = KOH = KE= 0. The following assumptions 

were also made: 

The reactivities of the epoxy groups are independent of each other. 
The reactivities of the amine-hydrogens in the primary and secondary amine are 
independent of each other. 

Using the above assumptions, the expression that connects the reaction rate constants 

for the primary and secondary amine addition is, K, ' =2- K2, as primary amines have 

two reactive hydrogens in the amino group instead of one in the secondary amines. It is 

useful to define the relative reaction rate constant, K, as K= K2'IKI', which is the rate 

constant of secondary to primary amine hydrogen addition reaction, independent of the 

reaction having been catalysed or not, that is K=0.5 for all the reactions. With the 

assumption that the rate constants can depend on the extent of reaction but their ratio 

must not, and using X. = EO -E where EO is the initial concentration of the epoxy 

groups, the reaction rate for the epoxy group consumption of Eq. 2.5, after some 

algebraic manipulation, is given by: 
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dXE 
= 

(Eo 
- 

XE) * 
('ICIII XE + CO) - 

(A, + KA2) (Eq. 2.6) dt 

When there is a substitution effect operative, that is the reactivity of the hydrogens of 

the amine groups in primary and secondary amines are not equal, the relative reaction 

rate can be expressed as K=0.5 + AK. If the initial concentration of primary amines in 

the reactive system is A0, and there are not any secondary amines initially present, then 

the stoichiometric relation for reacted epoxy groups and active hydrogens is: A, + A, 

2 =AO-XE12. Incorporation of the above relations into Eq. 2.6 will give: 

1' dXE 
= 

(K', Co +K", XE)- l+ 
2A2 -AK (Eq. 2.7) 

(EO 
- XE) Ao - 

XE) dt 2A, +A2_ 
2 

The last term of the right hand side of the above equation will be initially zero and 

small up to maybe 50% conversion compared to unity, so a plot of the left hand side 

against XEwill be initially linear and will start to deviate from linearity as the curing 

reaction rate decreates because of diffusion. 

By using a normalised conversion term xE= (EO - E) / EO and assuming exact initial 

stoichiometry and exact initial concentrations of active hydrogen atoms and epoxy 

groups, Eq. 2.7 becomes: 

dXE 
= 

(1 
- XE)2 * 

(KI 
+ K2XE) * Hc (Eq. 2.8) 

dt 

where K, = KI'COEO 12, K2 = Kj"EO2 12 and H, = 1+(2,42 - AK / (2A, + A2)). 

A generalised form of the above equation has been the most commonly used 

expression to describe the reaction kinetics in an epoxy - amine system, that is: 
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dxE 
Km (Eq. 2.9) 

dt "ý-( I+K2XE)*('-XE)? 
z 

where m and n are reaction orders. Several researchers have used parts of Eq. 2.9 to fit 

conversion data. Prime(") used the nth order reaction part, which is the term: 

dx- 
dt 

(Eq. 2.10) 

whereas Keenan(") and Karnal and Sourour(") used the autocatalytic reaction part, 

which is the term: 

dx-- 
= dt 

K2XE'(I-XE)n (Eq. 2.11) 

It must be emphasised that the generalised expression of reaction Idnetics of Eq. 2.9 

cannot be related to any reaction steps actually occurring during an epoxy - amine cure 

and can only be used as a fitting expression to the experimentally obtained conversion 
data. 

2.4.2 True Chemical Kinetics 

A more comprehensive way to follow the kinetics of the curing reaction is to monitor 

the changes in concentration of the various reactive species during the cure. This will 
indicate the possible reactions that may occur which in turn will make the construction 

of the reaction mechanism easier and more accurate. Infi-ared spectroscopy has been 

established as the most accurate technique for such an investigation, giving 
information of the true chemical kinetics even for complex systems such as epoxy 

resins. 

An extensive work has been done on the study of chemical kinetics for various epoxy - 

amine systems. George and co-workers(") have followed the cure of a TGDDM/DDS 
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system using near-infrared spectroscopic data for the concentrations of epoxy, 
hydroxyl, ether groups and primary, secondary and tertiary amines. The epoxide 

reaction with both primary and secondary amines was found to be autocatalytic, being 

catalysed by the hydroxyl groups produced in the epoxy - amine reaction. A 

substitution effect was observed in the amine hydrogens, greatly affected by the 

mobility of these species during the reaction. The epoxy - hydroxyl reaction was found 

to follow two reaction mechanisms: a direct second order reaction and a reaction 

catalysed by the tertiary amines produced during the epoxy - secondary amine reaction. 
Experimental results obtained from a combined calorimetric/infrared instrumental 

method from the same author() in a similar epoxy - amine system, yielded the reaction 

enthalpies for the reactions of epoxide with primary amine, -83 U/mol, secondary 

amine, -431 W/mol and hydroxyl, -65 kJ/mol. The lower reaction enthalpy for the 

primary amine - epoxy reaction was found to be consistent, as the preceding reaction is 

the formation of a stable unit, the donor - acceptor complex. 

Near-infrared spectroscopic data were also used by Kozielski et al(") to follow the 

kinetics of the crosslinking reactions of DDS with stoichiometric quantities of 

polyfunctional epoxy resins. Domination of the reaction mechanism by the primary 

amine addition, along with the catalytic effects of the hydroxyl groups, was observed. 

The substitution effect in the amine hydrogens was also found to be operative, 

attributed to steric hindrance, while the etherification reaction was insignificant, as 

with most stoichiometric epoxy - amine systems. The reported values for the activation 

energies of the various reactions are: 

* 69 - 73 U/mol for the uncatalysed primary amine, - epoxy reaction; 

* 59 - 68 U/mol for the hydroxyl catalysed primary amine - epoxy reaction; 

9 68 - 76 U/mol for the hydroxyl catalysed secondary amine - epoxy reaction. 
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Figure 2.8 Kinetic scheme of curing of diepoxide (B) with diamine (A) for monomer 

units with different number of reactedfunctionalities (from Ref. 38) 

In cases where there are no analytical experimental data available on the concentrations 

of the various reactive species during the cure, a more empirical way to determine 

reaction kinetics must be followed. The major assumption in this kind of investigation 

is the actual reaction mechanism that is followed during curing. A complicated reaction 

mechanism will result in a system of coupled differential equations that is unlikely to 

be resolved directly without any simplifications. The technique is based on a 

combination of a kinetic scheme accounting for the evolution of all possible fragments 

that may be generated from the network structure, together with a simple expectation 

theoe, "). 

Dusek et al(") have demonstrated the above kinetics modelling technique for a resin 

system consisting of a bifunctional epoxy and a bifunctional amine. The assumptions 
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that were made are: 

* cyclisation and etherification reactions do not occur; 

9 reactivities of epoxy groups in diepoxide and amino groups in diamines are 

-0- independent of each other; 

* reaction between the amino and epoxy group is given in Figure 2.8; 

9 the rate constants k, and k2can depend on conversion but their ratio must not. 

The kinetic differential equations that describe the kinetic mechanism of Figure 2.8 

are: 

* Amine consumption: 

dAo 
dt = 4kAob 

dA, 
dt = 2kAlb+k2Ab-4kAob 

dA2 
= 2k2A,, b-2kAb 

dt 

- 
dA2' 

= 2k, A2b - k2 Alb 
(Eq. 2.12) 

dt 

- 
dA3 

= k2A3b-2kAýb-2k2A2b 
dt 

- 
dA4 

=_ k2 Aýb 
dt 

e Epoxy consumption: 

dBo 
--= 2BO(klap+k2a, ) 

dt 
dBI 
dt = Bl(kjap +k2a., 

)-2BO(kap 
+k2a, 

) (Eq. 2.13) 

dB2 
dt =_B, 

(k, 
a,, + k2 as) 
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In the above systems, b is the concentration of unreacted epoxy groups and ap, a, are 
the concentrations of the hydrogen atoms of the primary and secondary amino groups 

respectively. 

By solving the system of Eq. 2.12 Dusek et al obtained: 

a, = 2p(aoq - ao) 

a2t = P2 
(- 

2aoq + ao + ar2) 

a2ft =- 2p aoq + rp ao + 2ar2 (Eq. 2.14) 

a3 =p 2[(r + 2)aoq -r ao - 
(2 

- r) ar2 -2 ar2 + (2 
- r)ar4 

2 

04 =P2 
[- 

raoq +r ao+r ar2 + ar2 - 
(2 

- r)ar4 4p 

r 

where aý r= 
k2 

pq= 
I+ ý 

and A' is initial diamine concentration. k, r2 
2 

From the above solution, conversion of the amine hydrogens, ý,, can be calculated 
from the expression: 

4, = 1- 
21r 

((I 
- r) ar2 + ar4) (Eq. 2.15) 

This equation is solved with respect to ao for a given ý,. 

In the same way, solution of the system of Eq. 2.13 will give: 

A= 1-4 
2 

, 
61 2(l - 4)4 (Eq. 2.16) 
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Bi 
whereA= V, BO is the initial diepoxide concentration and ý, is the conversion of 

epoxy groups. 

Since no etherification reaction occurs, if the ratio between epoxy groups and diamines 

bo 
is eb = ao , 

we will have: 

4, = eb4 (Eq. 2.17) 

which is the expression that connects amine hydrogen conversion with epoxy groups 

conversion. 

24.3 Statistical Kinetics 

Statistical theories that can describe the structural changes in a polymer system as a 

function of time or functional conversion have been used extensively for several 

decades (38,39,48 - 50) 
. The pioneer work of Flory(") and Stochmayer(4) in this field and 

their visualisation of the reaction process in the molecular forest as a system of 

"branching trees", has given the name of "branching theory" to this statistical treatment 

or otherwise "cascade theory", because it uses cascade substitution for generation of 

the trees. The initial composition of the system, functionality of the monomers, 

reactivity of the groups in terms of the rate constants or their ratios and the reaction 

mechanisms, which determine the sequence of formation of bonds of various types, are 

the input information. 

In the tree - like model (see Figure 2.9), the building units (monomer) and molecules 

are represented by graphs. The node of the graph represents the building unit and the 

number of edges issuing from the node is equal to the number of functional groups 

capable of forming bonds. All the branched molecules, existing in the reacting system 

at a given conversion, are represented by a collection of molecular trees composed of 

units. This collection is then transformed into a collection of rooted trees by choosing 
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every node for the root with the same probability and placing it at a generation zero. 
All the other bounded roots of the same tree are placed in the first, second, etc. 

generations according to the place they are in the tree in respect to the root unit. 

0 C- 0-, 

a) molecular forest of trees 

g=4 F 

g=3 -- r- ---: - --- F 

g=2 F 

g=I - -* - Z- F 

g=() Fo 

b) tree - like model of a trifunctional monomer up to the fourth generation 

Figure 2.9 A tree - like transformation of a titNnctional monomer to large molecules 

according to the branching theory. 1) a --; ý b: transformation of the molecularforest 

of trees into a forest of rooted trees. 2) b --. ý a: transformation of a trifunctional 

monomer to a molecularforest of trees (from Ref. 52) 

Node a represents a reactedfunctionality whereas node c) represents an unreacted one 
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The transformation into the rooted trees is performed in order to be able to generate the 

trees using simple probabilistic considerations. The monomer units differ in the 

number of reacted functional groups they issue. The distribution of monomer units 

according to the number of bonds they issue is expressed through a "probability 

generating functioe' (pe), which is used to generate the trees (51,52) 
. For anf-functional 

monomer which is placed in the root of a tree, FO(z), the pgf for the number of issuing 

bonds is: 

f 
Fo(z) = 2ýpjzi 

i=O 
(Eq. 2.18) 

In this expression, p, is the probability of finding a monomer unit in the root issuing i 

bonds, which is equal to the fraction of units with i reacted functional groups, and z is a 
dummy variable which is used in the pgf's to perform the operations. For the statistical 

averages, z is set either to 1 or 0, which means: 

Fo(z=l) = Fo(1) =2 ýpi =1 (Eq. 2.19) 
i=O 

For the average number of bonds issuing from a monomer unit it stands: 

f 
Fo'(1) =L ipi (Eq. 2.20) 

Z=l i=O 

For the distribution of units in higher generations (g > 0), where monomers with no 

reacted groups (fraction po) cannot exist, the peis: 

L? To(z) /(OTO(Z)) f 
i-I 

f 
F(z) 2 ip-z 

ILipi (Eq. 2.21) 
Z=l i 
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f 
The coefficient J]ip, represents the probability of finding in generation g>0a ip'l 

i 

unit with i reacted ftmctional groups which issues i-1 bonds to the next generation. 
If we consider the diepoxide - diamine system of section 2.4.2 (see Figure 2.8), then 

the application of branching theory will give: 

e pgf's for the number of bonds issuing from diamine and diepoxide units 

respectively, in the root (application of Eq. 2.18): 

4 

Z3 
4 F,, A 

(zE) 
a, zý = ao + alzEl + a2zE2 + a3 E +a4ZE 

i=O 

2 
(Eq. 2.22) 

i =e +eZl+ Z2 FOE(ZA) 
-= 

I: 
eZ. 01A e2 A 

j=O 

where the subscript E or A at the variable z means that the bond extends to the epoxide 

and amine unit, respectively. 

If we set ap, a, and a, as the fractions of monoamine units with zero (primary amine), 

one (secondary arnine) and two (tertiary amine) reacted fanctionalities, and also as aE 

the fraction of unreacted epoxy groups, then according to Figure 2.8 we will have: 

222 
ao = ap, a, = 2apa, . a' =a aý" = 2a a,, a= 2a., a, .a =a 2sp34t 

eo = 
(]-a )2, 

e, 2aE(I-a e2 =a2 E E), E (Eq. 2.23) 
ap +as +a, 

a. +2a, 2aA 

After substitution of Eq. 2.23 into Eq. 2.22 and some algebraic manipulation we have: 

Fo,, 
(ZE) 

=a +a +a, z 
22 (p 

s-ZE E) 
(Eq. 2.24) 

FOE (ZA) 
= 

(I 
- aE + aEZA 

)2 
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which is simply the squared pes for amine and epoxy unitsfA(z) andfAz) respectively. 

pgl"s for the number of bonds issuing from units in generation g>0 (application of 

Eq. 2.21): 

FA 
(ZE) 

-z 

(a 
p+ azE + a, zE2 

)(a, 
+ 2atZE) 

as + 2a, (Eq. 2.25) 
FE (ZA) 

= 1-aE +aEZA 

From Eq. 2.24 and Eq. 2.25 all structural characteristics of the system under 

consideration can be derived. For example, for the number average molecular weight 

we have: 

1) (number ofmolecules) = (number of units) - (number of connecting bonds) 

2) (number of molecules) / (number of units) = 

=I- (average number of connecting bonds) 

3) average number of bonds issuing from the respective monomer units 

(differentiation of Eq. 2.24 over z for z= 1): 

FE 6a = 2(a., +2a, ) = 4aA 
(Eq. 2.26) 

FýAE = 2aE 

4) average number of connecting bonds per unit: 

EA 
nAF6A +nEF6E_ 

(Eq. 2.27) 
2 

where nAand nEare, molar fractions of diepoxide and diamine respectively. 
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If r. is the initial molar ratio of amine and epoxide functionalities, then r. = 
4n, 

211E 

5) Number average molecular weight, M,,: 

(number 
of units) - 

(nA MA+nEME) 

(number of molecules) 

(n, 
IM, 4+J'EME) step2 

(number of molecules) 
Mn 

' 

(number of units) 
(Eq. 2.28) 

(nAMA+nEME 
step4 

Mn =-- => 
]-(average number of connecting bonds) 

M. 
? 'AMA +nE ME 

nAFOEA +nEFOE 
2 

step 3 n. M. + nE ME 

1-2nEaE 

where M. and MEare molecular weights of the diamine, and the diepoxide respectively. 
The above analysis provides a theoretical tool to the explanation and prediction of the 

various phenomena occuring during a thermoset cure. Theoretical estimation of 

gelation, fractional weight ratios between sol and gel material within the curing resin 

are some of the areas that can be covered by this technique. 
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Z5 Flow Properties of Thermosetting Materials 

Whether or not a particular thermoset resin is suitable for a given fiber-reinforced 

composite processing technique depends critically on its viscosity evolution during the 

processing cycle. For fabrication of composite parts from prepreg laminates, 

knowledge of the viscosity profile gives guidance on when the pressure should be 

applied during cure in order to achieve part consolidation without excessive resin flow. 

For resin transfer moulding (RTM), the viscosity of the resin at the early stages of cure 
is an additional concern. Viscosity requirements for successful mold filling are low 

viscosity for satisfactory impregnation of the preform and long pot-life. Thus 

understanding of the rheological properties of thermosets is essential for their 

successful processing. 

For a thermoplastic material, the viscoelastic properties are fully determined by shear 

rate, processing temperatures and the flow geometry. For a thermosetting resin the 

rheology is influenced by one additional factor: the reaction kinetics of the resin 

system. Thus, it is essential to be able to obtain true chemorheology data as a function 

of reaction kinetics and temperature to have an overall view of the material 

characteristics. 

It is well known that viscoelastic properties are influenced by the macromolecular 

chain length and branching. During the cure of thermosets, the structure of the resmi 

undergoes a continuous transformation from a low molecular weight liquid to a high 

molecular weight 'melt' and eventually to a crosslinked network (see section 2.3). 

Therefore, the curves that define viscoelastic properties versus reaction time should 

reflect these transformations within the material. The study of viscoelastic properties of 

reacting systems can be separated into two categories: variations in viscosity due to 

chemical reaction and processing conditions (chemoviscosity) and characterisation of 

the growth of the infinite molecular network and immobilised glassy state (gelation 

and vitrification). 

The chemoviscosity of thermosetting resins is affected by many variables. In general 
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the chemoviscosity (17) can be expressed as: 
(53) 

77 = 
ýT, P, j, t, F) (Eq. 2.29) 

where T is the temperature, P is the pressure, ý is the shear rate, t is the time and F are 

the properties of any filler involved. 

The effects of temperature and time on chemoviscosity can be described in terms of the 

extent of cure (a) by knowing the kinetics of the cure, a(T, t). 

The general equation to express the effects of the cure on chemoviscosity is: 

77c = lk (T, a) (Eq. 2.30) 

Extensive work has been done to determine the appropriate mathematical models that 
(54,55) have the characteristics of Eq. 2.30. They range from empirical models 

probability based models 
(56,57) 

, gelation modeIS(11'51), to models based on free volume 
analysis(60) 

The most commonly used empirical model has the form: 

Isothermal conditions: 

fn rAt) = ýn + 
AE17 

+ tk,,, exp RT 

( 

RT 
(Eq. 2.3 1) 

Non - isothermal conditions- 

AE, 7 k)dt in rXt) = in q. ++ fk., exp T RT 0 

IR 
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where: q(t) = viscosity as a function of time at temperature T 

qý, = calculated viscosity of the fully cured resin 

AE, 7 = Arrhenius activation energy for viscosity 

R= Universal gas constant 

T= Absolute temperature 

t= time 

Kinet c analog of Y7., 

Kinet c analog of AER 

This form of the relationship assumes no knowledge of the chemical conversion-time 

rclationsMps. 

A more comprehensive expression, that incorporates probabilistic considerations over 

the macromolecular network fonned during the cure, is: 

tn77 = InA+ 
D+ 

S+ tn 
mw 

(Eq. 2.32) 
C 

RT -ýT MWO 

where A, D, S, C are fitting parameters and MW, MWO are the weight average 

molecular weight and the molecular weight at zero conversion respectively. Average 

molecular weight can be either a direct input from experimental measurements or 

values calculated from expressions like those extracted from the branching theory (see 

section 2.4.3). 

Expressions that use information like the degree of cure at the gel point, ag,,, have also 

been used for viscosity modelling, as the one derived by Castro and Macosko(58) : 

A+Ba 

77= T 0( (Eq. 2.33) 
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In this expression i7o is the initial viscosity at temperature T, prior to the start of the 

cure. 

Another expression that has been used extensively in viscosity modelling is the 

Williams - Landel. - Feny equation (WLF)(") which has the form: 

in q(T) 
=- -q 

(T- T, ) 
(Eq. 2.34) 

r4T, ) q+T-T, 

where q(Y) and rXT) are the viscosities at temperatures T and T, respectively and C,, 

C2are constants independent of temperature. Although this expression was derived in 

order to express the variation of the viscosity of amorphous thermoplastic polymers 

with temperature (between the glass transition and 100'K above the glass transition), 

subsequent studies have shown that the constants C, and C2are material-dependent and 

not universal constants. It was also pointed out that these constants are directly related 

to the fractional free volume at glass transition and the coefficient of thermal expansion 

of the fractional free volume("). 

If Eq. 2.34 is to be used for the prediction of the viscosity of thermosets during cure, 

one must account for the fact that: a) the glass transition temperature increases due to 

the network formation and hence must be evaluated as a function of the degree of cure 

and b) the parameters C, and C2 may vary with cure temperature. The above 

considerations have been incorporated in the WLF equation resulting in a variety of 

expressions similar to the original one, such as the one used by Mijovic and Lee(') : 

in n 
=-- 

q(T)[T-T, (Tt)] 
(Eq. 2.35) 

ng q(T)+T-Tg(Tt) 

Other more sophisticated expressions, which combine Arrhenius, probabilistic and 
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WLF terms, have also been used, for example an expression derived by Enns and 
Gillham('), which has the form: 

- E, 7 q (T- TO) 
in q= ýnq,. +inAff+ RTO q+T-To 

(Eq. 2.36) 

Other effects on the viscosity of thermosets, that are essential to the determination of 

the chemoviscosity, q, are shear rate and filler effects. The exact relationship that 

connects shear rate and filler type with viscosity will depend on the type of system 

used. Halley and Mackay("), in their overview on the chemorheology of thermosets, 

have summarised the rheological models for shear rate and filler effects, which range 
from simple power law models to more complicated models incorporating WLF terms. 

In the present study, some of these expressions will be used in order to predict the 

viscosity profiles of the resins used, during the cure. 
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2.6 Cure Monitoring Techniques 

The previous sections have indicated the complexity of thermoset cure and especially 

of epoxy - amine systems. The different reaction paths that can be followed during 

cure, the complicated reaction kinetics and the various transformations that occur, 

make necessary the application of sophisticated theories and methodologies to 

characterise these systems and extract the appropriate information on a macroscopic 

and n-dcroscopic scale. In this section, some of the methods will be reviewed briefly, 

concentrating on those aspects of instrumentation or methodology particularly 

pertinent to the study of curing thermosets. 

2.6.1 Chemical and Physical Analysis 

As mentioned in section 2.3, epoxy resins are converted by means of crosslinking 

reactions into a three-dimensional network with a fmite gel time, depending on the 

epoxy resin - curing agent mixture. Prior to the gel point, the epoxy resin is soluble in 

suitable solvents whereas beyond that point, it is no longer entirely soluble. This 

property makes gel fraction determination a relatively accurate way of determining the 

gel point of an epoxy - amine system(, '). The technique involves solution of a 

known-weight, partially cured resin, with known cure time and temperature, in a 

suitable solvent, extraction of the soluble part and comparison of the weight of the 

insoluble part with initial sample to calculate the gel fraction. By simply plotting a 

time-gel fraction curve and extrapolating back to zero gel fraction, direct estimation of 

gel time can be made. 

Another technique that falls into this category of monitoring methods is size exclusion 

chromatography (SEC)("). Polymerisation kinetics can be followed by measuring 

partially reacted samples consisting of various molecular weight fragments. Gelation 

time can also be observed with the appearance of an insoluble fraction during the 

sample preparation prior to injection. 
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Z6.2 ThermalAnalysis 

Any technique that monitors the changes in thermal properties of a material 

undergoing a thermal cycle belongs to thermal analysis monitoring methods. For 

thermosetting resins, the most common techniques are: differential scanning 

calorimetry (DSC), differential thermal analysis (DTA), thermogravimetric analysis 
(TGA), thermomechanical analysis (TMA), dynamic mechanical thermal analysis 
(DMTA) and torsion braid analysis (TBA). 

Differential Scanning Calorimetry (PSC) 

The DSC technique has been used quite extensively in thermoset characterisation and 

remains one of the major techniques in the polymer research area. A major part of 

research by DSC involves evaluation of the chemical kinetics associated with the cure 

reaction during the heat cycle(" - "). The sample is cured either isothermally or at a 

constant heating rate and a direct integration of the area enclosed under the resulting 

thermogram gives the degree of chemical conversion. Thus, by monitoring the cure at 
different temperatures and heating rates, the conversion profile of the system under 
investigation is obtained. It must be mentioned that care should be taken during the 

integration, as the baseline from which integration is made is rather arbitrary and false 

results may be obtained. The problem of the baseline has been investigated by many 

researchers("), without any convincing conclusions so far. 

The evolution of the glass transition temperature with cure temperature and time can 

also be obtained using DSC(" - 86), thus giving a direct relationship between degree of 

reaction (conversion) and structure development (T. ). The endothermic shift in the 

enthalpy curve at the glass transition gives an estimation of the Tg. 

Recent developments, involving the application of modulation on the temperature 

control, have broadened the horizons for new areas of implementation of DSC as a 

research tool. It is claimed that it is possible to monitor simultaneously both enthalpy 

and heat capacity changes from the same sample during the cure(7). 
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2.6.3 Spectroscopic Techniques 

Infrared spectroscopy (IR) has long been recognised as a powerful tool for monitoring 
the curing process, and for characterising the cured epoxy composites(", ". It is based 

on the absorption of radiation in the infi-ared frequency range due to the molecular 

vibrations of the functional groups contained in the polymer chain. 

Prior to Fourier Transform Infrared Spectroscopy (FTIR), infrared spectroscopy was 

carried out using an instrumentation utilising prism or gratings to disperse the infrared 

radiation, a scanning mechanism to pass the radiation over to a slit system for 

frequency range isolation, and a detectoP - 90). Lack of sensitivity of this 

instrumentation, because of loss of energy through the slits, gave rise to the 

development of the FTIR. Quantitative IR methods are based on the Beer-Larnbert law, 

A= EC, where A is the absorbance for unit path length, E is the extinction coefficient 

and C is the concentration. The above relationship shows a linear dependence of the 

absorption intensity on the concentration, an observation that makes it possible to 

extract quantitative information. For an epoxy system, where the epoxy groups show 

strong absorptions in the mid-infrared region, especially around 915cm7% after 

elimination of differences in specimen thickness and sample slippage by normalisation 

of the peak intensity by a reference band(` - "'), the above law will give: 

f! 
915 -,:, 

A915,1 4ref 
,0 (Eq. 2.37) 

_4r, f, j -4915,0 

wherefl., is the fraction of unreacted epoxide at time t, Ag,.,,, is specimen absorbance at 

915cnf ' due to epoxide at time t, Aref t is specimen absorbance at reference band at time 

t, Agl.,, 0 is specimen initial absorbance at 915cm-1 and Arf 0 is specimen initial 

absorbance at reference band. 

By monitoring other frequency bands and using Eq. 2.37, the appearance or 

disappearance of other functional groups can be followed, i. e. NH2 or OH, that will 

give an overall view of the kinetics of the system under investigation. 
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In recent years, there has been a notable increase in research activity in the near- 
infrared region, which covers the wavenumber interval between approximately 14,000 

and 4,000 crif' in contrast to the mid-infi-ared that covers the region from 4,000 to 400 

cm-'. This is particularly true in conjunction with the application of in-situ real time 

remote spectroscopy to "smart" processing (94) 
. The ma or advantage of the near- j 

infrared frequency range is that it can be transmitted through silica type optical fibres, 

which are relatively inexpensive and readily available in a variety of types and forms. 

In the mid-infrared range, on the other hand, only special chalcogenide and metal 
halide fibres have the required transmission capabilities, and even then usually in a 
limited frequency range("). 

Another spectroscopic technique that has been used in cure monitoring is the 

evanescent wave monitoringý'). By using fibre sensors, this technique permits the 

measurement at specific locations within the sample, and has the potential to monitor 

characteristics such as extent of cure and fibre wetting in several regions near the 

surface of the fibre("). 

2.6.4 Dielectric Cure Monitoring 

Real time dielectric spectroscopy is becoming increasingly important as a potential 

means of feedback control in the area of polymer processing. The changes in the 

dielectric properties as a function of changing molecular weight or crosslinking density 

have been the subject of much research(" - '0'). The more recent use of embedded 

microelectrodes in the composite structure has given the opportunity of in-situ, 

nondestructive monitoring of the cure process. Contributions to the overall polarisation 
from electrode blocking layers, migrating charge carriers and dipole relaxations are 

monitored in real-time during the cure, and are directly related to characteristic features 

of the polymeric material such as flow, molecular relaxation, thermal transition and 

degree of cure. 

The method is based on the application of an AC voltage to the dielectric sensor and 

monitoring the electric response of the material from the outcome current and voltage 

over a multifrequency range. The response is translated to the respective dielectric 
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properties of the resin (dielectric constant and loss) and the changes in these properties 

are correlated to important process parameters - namely the point of maximum flow, 

onset of gelation and vitrification in the resin ("). 
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2.7 Theory ofDielectrics 

2.71 Macroscopic Laws and Definitions 

2.7.1.1 Dipole Moments and Polarisation 

An electric dipole is a system formed from two point charges q with the same value but 

opposite signs separated by a distance d. The dipole moment can thus be defined as('O'): 

p= qd (Eq. 2.38) 

If we consider a volume V bounded by a closed surface A containing N dipoles, then 

the macroscopic dipole moment will be: 

N 
py pi (Eq. 2.39) 

In a volume dV, infinitesimal but large enough to contain a large number of dipoles, 

we can define a dipole moment density P, also called polatisation, as: 

p- 
dp 

(Eq. 2.40) 
dV 

2.7.1.2 Electric Field and Displacement in a Dielectric 

In the general case, a dielectric may contain a charge density corresponding to the 

presence of actual charges in addition to the dipoles. These actual charges are called 

realised charges (103) 
. 

Let D and E,,, be the displacement field and electric field resulting from a dielectric. 

By convention, the displacement field is the result of only the realised charges. Thus, 

according to Gauss theorem, we can write: 
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DdA + jPdV 
=> D=D,, +P (Eq. 2.41) 

Still, by convention, the electric field inside a dielectric results from both the 

poMsation and the realised charges, thus E=E, From electrostatic relationships in 

free space we have that the displacement field D,,,, is connected to the electric field 

with the expression: D,, = cOE, where co is the permittivity of the free space. From the 

above considerations and Eq. 2.41, we have: 

D= cOE+P (Eq. 2.42) 

In dielectrics, the polarisation is produced by the electric field and disappears with it. It 

is therefore reasonable to set: 

X, c,, E (Eq. 2.43) 

The quantity X,. is called relative dielectric susceptibility. The above relation suggests 

that Eq. 2.42 can be written as: 

D= cocE (Eq. 2.44) 

The term e,. is called relative permittivity of the dielectric. The product coe, often 

denoted as e, is called the absolute permittivity of the dielectric. 

The combination of Eq. 2.42 and Eq. 2.44, gives: 

P=- 1)E (Eq. 2.45) 
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Z 7.2 Microscopic Characteristics ofPolarisation 

2.7.2.1 Electric Field Acting on a Dipole 

If we consider the plane capacitor shown in Figure 2.10, then the local field acting at 
the point A consists of two components: 

EL =E+ Edip (Eq. 2.46) 

where E is the field imposed by the voltage source U. This field does not depend on the 

presence of a dielectric between the plates of the capacitor and is equal to U/d. Edir is 

jhe field resulting from the presence of dipoles over the entire volume of the dielectric. 

............ 

(+ q) 

-------------- q) 
(a) 

............. 
FMNMMýýýýý 

q) +0 71 

+ (+ q') 

-------------- q) 
(b) 

Figure 2.10 Rze effect ofpolarisation represented by charges in a dielectric 

The calculation of the Edip can be a difficult task and demands knowledge of the 

arrangement of the molecular structure of the dielectric in space. Although such 

knowledge most probably does not exist because of the complexity of the molecular 

network and the number of different polar groups that may exist, with a few 

assumptions in mind this calculation is feasible. For a dielectric that exhibits a cubic 

lattice structure the calculated local field, EL, is (103,104) : 

p 
EL = E+- (Eq. 2.47) 

3 co 
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2.7.2.2 Polarisation Mechanisms 

Let an atom or molecule be subjected to a local field EL, with a dipole moment p. The 

polarisabillity, a, is defined by the ratio(los): 

a=- 
p (in F. M2) (Eq. 2.48) 

. EL 

Now, if we suppose that there is a number, N, of carriers ofp per unit volume, then the 

polarisation due to the number of carriers is: 

P= NaEL (Eq. 2.49) 

The most important mechanisms of appearance of dipole moments, p, are the 

following: 

* Electronic polarisation (a). Caused by the displacement of the electrons with 

respect to the nucleus of the atom. 

Ionic polarisation (a,, ). Can only be found in ionic crystals and is caused by the 

displacement of ions of opposite signs in opposite directions. 

Orientation polarisation (a). A molecule formed from different atoms has a 

permanent dipole moment because of the displacement of the centres of the 

distributions of the total negative and positive charges. In the absence of a field, 

these moments are oriented in a random manner in space, thus showing no 

macroscopic polarisation. With the application of an external field, they tend to 

align with the field, showing a macroscopic polarisation. 

9 Interfacial polarisation (aj. The charge carriers that exist in a dielectric, under the 

effect of an external field, have the tendency to concentrate around imperfections 

such as impurities, vacancies, grain boundaries, etc, producing a local displacement 

of the charge. 
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The mechanisms of appearance of dipole moments, p, are represented 
diagrammatically in Table 2.1. 

Table 2.1 Polailsation mechanisms. 

Type of polarisation E=O -> E 

Electronic 

0 (3 

lolmic 
UI 

II 

-4- 
-o 0- G. -- -0 

Orientation 

Interfacial 

(5. Q6 

cc 

CX CC 

cc 
Cc cc 

cx 

atomic 

nucleus 

9 cation CC polar 
1 
6 anion molecule 

,I grain 

From the above definitions, for the case where several different polarisation 

mechanisms exist at the same time, their effects are added together, so for the total 

polarisation, a generalised form of Eq. 2.49 can be written: 
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P= 1], Nai EL (Eq. 2.50) 

By substitution of Eq. 2.47, we get: 

P= E+ 
' 

P)YNjaj (Eq. 2.5 1) 
3 co 

or, if we also consider the expression for the polarisation given by Eq. 2.45: 

6,. -1 
:-I Niai (Eq. 2.52) 

e,. +2 3 co 

This expression is known under the narne Clausius - Mosotti equation") and connects 

the microscopic properties ai to a macroscopic quantity, the permittivity, 

Z 7.3 Permittivity under Sinusoidal Conditions 

When a dielectric is sub ected to a sinusoidal electric field of angular frequency (0, the j 

polarisation factors must also be subjected to variations with the same angular 
frequency. The Clausius - Mosotti equation (Eq. 2.52) shows that pen-nittivity should 

also vary with co, thus malcing necessary the introduction of the complex permittivity: 

, (w) = --� -j --�, 
(Eq. 2.53) 

In the case of the plane capacitor shown in Figure 2.10, with an electrode surface S and 

an inter-electrode spacing d, exhibiting an impedance: 

Z(co) =Is (Eq. 2.54) 
i C060 6, (0)) - 
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the resulting current flowing in the capacitor, subjected to a sinusoidally varying 

voltage: 

U(co) = Uoe"' (Eq. 2.55) 

is equal to: 

U(O)) 
= -Oco -S (e"+ ic)Uoe'" 

Z(co) d, 
(Eq. 2.56) 

with a phase-shift, 0, with the applied voltage. 
The in phase component of the resulting current with the applied voltage reflects the 

power dissipation in the dielectric and is associated to the dielecuic loss. Separating 

real and imaginary parts, we obtain: 

Ioej'e-jO = coo) 
A 

c, 'Uo + c00) 
s 

j, ", 
uo) �i 

I. e-«io = roo) 
s 

c, 'Uo + is00) 
s 

CWO 

=> 10 sin 0+ jlo cos 0 =, Foco 
S 

E'UO + i-coo) 
S 

g"uo 
dd 

(Eq. 2.57) 

S" U0 S UO 
=> sino=eoco 6; - and Cos 0= COCO - -01, d 10 d 10 

ff 
ftn 

er, 

The tenn tano is called the loss angle or dissipation factor and is the dielectric 

equivalent of tan, 5 = 
Ely 

defined in the dynamic mechanical thermal analysis. E' 
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27.4 Frequency Dependence ofPermittivity and Losses 

The permanent moments of an assembly of dipolar molecules are distributed about an 

applied field in accordance with Boltzmann's law. Debye('O') calculated the polarisation 
due to dipole orientation in the absence of directional forces due to the structure of the 

material, as: 

Pý = No p 
3kT 

(Eq. 2.58) 

where No is the number of dipoles per unit volume, k is the Boltzmann's constant and T 

is the temperature. 

Generally, dipole orientation is affected by two factors: the local field EL and the 

thermal motion in terms of collision of dipoles. Since the local field has the form: 

EL = Re(ELO eXP(jCot)) (Eq. 2.59) 

the polarisation dP resulting from dn dipoles having collide for the first time in the 

time interval (to, to + dt) will be, according to Eq. 2.58: 

dP = Re fýd-n ELO exp(jcot)l (Eq. 2.60) 
3kT 

From considerations of electron collision times, the polarisation at time t from all the 

dipoles can be expressed as: 

P= Re 
NOP2 1- 

ELO exp(jcor)l (Eq. 2.61) 
1 

3kT I+jwr 

Substitution of the above equation to Clausius - Mosotti equation will give: 
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Niai + 
No p2 (Eq. 2.62) 

r+2 360 1+ jo) r Tk o 

where the sum over i includes all the polarisation mechanisms except for the 

orientation polarisation. The use of the boundary conditions: 

Jim C', and 6, = lim 6'. (Eq. 2.63) 
w --> 0 W->CO 

will give for the dependence of pennittivity on frequency: 

+ 
Ers - Er. 

where )6 = 
er, +2 (Eq. 2.64) 

I+jco, B em +2 

or by separating real and imaginary parts: 

C's - Cl. 
and 

CIS - -or. (Eq. 2.65) +I+ 
0)2,82 1+ W2,82 

0), fl 

These are known as the Debye equations for a single relaxation time -r. Their 

representation as a fimction of Abgco is shown in Figure 2.11 for a model with c, = 10, 

c, =2 and 8= 10-4 see. 

2 7.5 Graphic Representation of Permittivity 

Substitution of the complex form of relative permittivity, e, into Eq. 2.64, will give: 

46. -6 

(Eq. 2.66) r3 ro 
1+jco, 6 
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D Debye ebye 

----- 
Debye 

-Cole - Cole 6, 

---- Cole - Cole S" 

E 

'0 
r 51 

4__ 
3__ 
2__ 

0 

-1 01234567 

logo 

Fi ure 2.11 6(o)), g"(w) plotted against ,, ogcofrom Debye's single relaxation time 9 

model and Cole - Cole's relaxation time distribution model. The parameters used are: 

10,2, ß=ß, = 101 sec and a=0.5 

Further substitution of j6 
(see Eq. 2.64) into the above equation, equation of real and 

imaginary parts of both sides and some algebraic manipulation will give: 

(--,, - --, --), + --, -, ,I= (--,, - --, -) (--, - --, -) 
or (Eq. 2.67) 

Ell +6tr2 = 

(ers 

2 

Eno 

which, in a coordinate system, is the equation of a circle with its centre on the 

61. + ers 
e,. ' axis. The coordinates for the centre are 

(2,0) 
and the radius has a module 

- . 61 . R2* The top half of this circle, which is the only part that has a physical 
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meaning, is called the Cole - Cole diagram("') (see Figure 2.12). 

For dielectrics that do not have a single relaxation time, '; Cole and Cole suggest a 

generalised form of Eq. 2.64, that accounts for a distribution of relaxation times around 

the most probable value, -r,, and has the form("): 

er ---2 -or. + 
als - er 

1-a (Eq. 2.68) 

1+(joiß. ) 

where a is a constant characterising the distribution of relaxation times, with 0:! ý a: 5 1. 

Analysis of the above equation into real and imaginary parts will give: 

+ (O)fl J-a 
Cos 

2 

I-a (i 
- a); r + a)2(1-a) 

1+2(t 
a Cos co 6 ofl, )2(e 

(Eq. 2.69) 

(w, 6, 
)I-a 

sin - a); r 
a2 

I-aCOS(I-ýý)%(6 )2(1-a) 1+2(w, Ba) 
2 

VA, 

with the distribution fimction, (o, (A, 8), of the relaxation times given by: 

1 sin(l-a)7r (Eq. 2.70) 
2; r cosh(I-a)fnA+co4l-a)7r 

Their representation against Abgo) is shown in Figure 2.11 for the same model system 

as Debye and with the constant a=0.5. 

Representation of this model in a Cole - Cole diagram will also give a circle (Figure 

2.12) with centre at: 
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6,, +Cm air 
22 tan IT) (Eq. 2.71) 

and radius: 

R= sec (Eq. 2.72) 22 

The circle still passes through the points e, and e, but its centre is below the 6' axis 

at a distance: 

tan(a (Eq. 2.73) 

5- 
0 Debye 

Cole - Cole 

0x Hawialiak-Negami 

3-- 0 

0 
2-- 13 

AxAxaxaxAX0 
0AxxX 

0AAxxxxx0 
0AA xx Xx AI&9 

0 
50(. 

. 
-3N 

i 
13579 

Figure 2.12 Cole - Cole diagramfor Debye's single relaxation time model and Cole - 
Cole, Havriliak - Negami (from Ref. 110) relaxation time distribution models. The 

parameters used are: e,, = 10, q,., = 2, fl =, 6,, = 10' sec, a=0.5, p=0.7 and q=0.4 
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Z 7.6 Dielectric response of Thermosets 

Several microscopic and macroscopic phenomena cause a polymer to exhibit 

capacitive (relative permittivity) and conductive (loss) components. In general, the 

mechanisms that lead to this behaviour areP" - 113): 

Induced dipoles, the charge separation of non-polar bonds due to the presence of an 

electric field. The electron clouds may be slightly shifted inducing a slight 

polarisation that is aligned with the electric field. This acts to store energy and 

contributes to the capacitive nature of the material. The response times of the 

electronic shift are extremely fast so that at normal frequencies the effect is always 

present. These induced dipoles are responsible for non-polar or symmetrically polar 

polymers having permittivities of 2 or greater. 

Static dipoles, that require molecular motion to orient. Static dipoles consist of 
inherently polar moieties within the polymer such as carbonyl or alcohol groups. If 

sufficiently mobile, they may rotate in an electric field, thus also storing energy 

and contributing to the capacitive nature of the material. If a thermoset, such as an 

epoxy resin with many polar groups, is heated enough so that immobile dipoles 

become mobile, then an increase in permittivity is observed as the dipoles start to 

oscillate in an alternating electric field. Static dipoles also contribute to the loss 

factor. As the dipole rotates, the surrounding medium causes viscous drag to arise 

that can lead to significant phase lag between maximum applied field and 

maximum dipole deflection. The energy lost due to this phase lag reaches a peak as 

the angular frequency approaches the relaxation time of the material. At high 

frequencies, where the dipole can hardly move or at low frequencies, where the 

dipole can keep up with the changing field easily, little energy is lost. This explains 

the bell shaped curve of the loss factor in respect to the field frequency. 

Ions, that have a mobility limiting their speed which is independent of frequency. 

Ionic conduction is the result of current flow due to the motion of mobile ions 

within the material. Thermosets often contain free ions which may be formed either 

by weak dissociation of the cross-linking agent or be present as residual ionic 

impurity in both the resin and the cross-linking agent. As the viscosity and the 



Chapter Two Thegretical Backoround 61 

organic component consumption increases during the crosslinking reaction, the dc 

conductivity decreases as a result of the lower mobility and concentration of ions. 

Ionic conduction is reflected in the dielectric loss of the material. The energy that is 

absorbed or lost in moving ions within the thermoset will depend on the applied 
frequency. So, at low frequencies, where ions can easily follow the applied electric 
field, the loss factor is completely masked by ionic conduction, whereas at high 

frequencies, dipole relaxations are become visible. 

Electrode polarisation, as a result of the resin in combination with the electrodes 

used to introduce the electric field. When ionic conduction is high enough, ions are 

collected at the polymer/electrode interface during one-half cycle of the oscillating 

electric field cycle. This accumulation of ions at the electrodes forms a charge layer 

which is qualitatively similar to the layer of bound charge established by dipole 

orientation, but which can have a much greater charge per unit area. Thus, the 

measured capacitance, as viewed from the electrodes, can be much larger than 

would result from oriented dipoles. In the low frequency range, where ionic 

conduction is dominant, the effect of electrode polarisation. would be maximum, 

causing an apparent permittivity which can be significant. 

From the modelling point of view, the dielectric response of thermosets can be 

represented by an electrical circuit, that can represent the individual characteristics of 

each of the above described phenomena("'). The induced dipoles, due to their 

frequency independence, are modelled with a capacitor C,. The static dipoles, due to 

their frequency dependence, are modelled with a capacitor C2 in series with a resistor 

R2. At low frequencies, this capacitor becomes fully charged, due to the dipoles being 

fully oriented, whereas at high frequencies, the current limiting resistor prevents the 

charging of the capacitor. The conductive ions are modelled with a resistor RJwith a 

conductance proportional to the concentration and mobility of the ions. The complete 

model, as described above, is shown in Figure 2.13. To compensate for the electrode 

polarisation effects, because they result in the build up of charge blocking layers at the 

electrode/polymer interfaces, they are modelled by the introduction of two extra 

capacitors, CE, to the ends of the circuit of Figure 2.13. 
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Induced Dipoles C, 

Static Dipoles 
C2 R2 

CE '"'------Electrode Polarisation 
CE 

Ionic Conductivity 
-0-- R3 

Figure 2.13 Equivalent circuit of a polymeric material under testing (from Ref. 114) 

Z 7.7 Dielectric Relaxation of Thermosets 

In order to understand and predict the dielectric response of a thermoset, the lumped 

capacitive and conductive response of the circuit in Figure 2.13 has to be calculated. 
By adding the admittances of the individual components of this circuit, apart from the 

elements concerning electrode polarisation. and ionic conductivity, and separating the 

capacitive and conductive components, the Debye equations for a single relaxation 

time are extracted, as these are expressed by Eq. 2.65. At high frequencies, only the 

induced dipoles C, contribute to the response, which also defines the unrelaxed 

permittivity e,,, At low frequencies both induced, C,, and static, C2, dipoles contribute 

to the response, thus defining the relaxed permittivity The ideal case of Debye 

behaviour for polymers exhibiting a single relaxation time was analytically discussed 

in section 2.7.4. Also in this section, the dielectric response of polymers exhibiting a 

normal distribution of relaxation times around an average relaxation time -ro was 

expressed by the Cole - Cole expression given in Eq. 2.68. There are thermosets that 

do not follow this kind of distribution of relaxation times. The molecular aspects of 

multiple dielectric relaxations in solid polymers, both amorphous and semi-crystalline, 
have been reviewed by Williams( .. ). Several empirical equations have been put 
forward to account for the different existing relaxation distributions observed in 



Chapter Two Thgoretical Backoround 63 

polymers. Some of them are listed in Table 2.2. In a Cole - Cole diagram, they are 

represented by squashed semicircles, slightly skewed (see Figure 2.12). In any case, 

the left semicircle intercept represents the unrelaxed permittivity and the right intercept 

represents the relaxed pennittivity. 

Table 2.2 Various expressions to describe the distribution of dielectric relaxation 

times. (cý y, b, m, p, q in the expressions are constants) 

Model expression (for complex permittivity Model name 

M (CO r) .. I' Fuoss-Kirkwood("') 

2 l+(co-r)' 

1 Davidson-Cold"') 

Scaife("') 
-a 

b 

Havriliak-Negami("') 

6* C'. + (g,., - 6'. ) 
11 

- iw r(t) exp(- iwt)dtj 
Williams-Watts("') 

r(t) = exp(- tlr)fl 

Z 7.8 Ionic Conduction 

Evaluation of the response of the circuit in Figure 2.13, this time including the ionic 

conduction term R., will give the mathematical representation of dielectric permittivity 

and dielectric loss as these are expressed in Eq. 2.74. The extra term in the loss 

representation (compared to Eq. 2.65) is the bulk ionic conductivity a. 

CIS-61. I=a -E and 61 
ers m w, 6 (Eq. 2.74) 

+ 0)2 
J#2 1D 

I+W2,62 COE 
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The conductivity, a, is equal to the product of the ion mobility, u, the concentration of 

mobile ions, [C], and the charge of an ion, q, thus: 

a= u[C]q (Eq. 2.75) 

This equation provides the characteristic relation between ionic conductivity and 

viscosity, since they depend on the mobility either of ions (conductivity) or of 

segments (viscosity). 

20.. 
, Debye 

16.. -pure conductivity 

12. - 
x combined response 

14 

EPO x 
4x El El 0i. 11 

1/1, 0i 

Cl 

Figure 2.14 Yhe appearance of ionic conductivity and dipole terms in a Cole - Cole 

plot 

Day"") has calculated the number of ions required to generate a loss factor of I at 

10011z. By assuming a typical mobility of 10-' cm/(volt-sec), the calculated ionic 

concentration was found to be Ippm, or even lppb for'elevated temperatures or at lower 

frequencies. This justifies the presence of an ionic conduction term in the dielectric 

response of a thermoset, especially in the liquid state and at low measured frequencies. 

Thus, when ion mobilities are small enough (at or below the Tg), ionic conduction does 
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not dominate the loss factor. 

Figure 2.14 shows how ionic conduction appears in a Cole -Cole diagram. For 

purposes of comparison, the ideal case of a Debye behaviour has also been plotted. 
As can be seen from this figure, as the conductivity level increases, it becomes 

increasingly difficult to discern the dipole loss peak. When the conductivity loss term 

alw6o becomes two or three times greater than the relaxed permittivity of the material, 

the loss factor is completely dominated by conductivity and resembles a straight line, 

perpendicular to the permittivity axis at e, 
Useful relations can be extracted between the mobility of ions and the properties of the 

resin. Senturia and Sheppard( ... ), by calculating the ion mobility with the aid of Stoke's 

law for the drift of a sphere in a viscous medium, suggest that ion mobility, and hence 

ionic conductivity, varies in inverse proportion to the viscosity, n. This oversimplified 

relation will fail completely as the curing resin reaches gelation. At gelation, the bulk 

viscosity becomes infinite because of the formation of a macroscopic molecular 

network, whereas resistivity, the inverse of conductivity, will remain finite, as polymer 

segments comparable in size to the ions are still mobile. 

Z 7.9 Electrode Polarisation 

As was discussed in section 2.7.6, high levels of ionic conduction result in 

accumulation of ions at the interface between the electrode and the polymer. The 

resulting equivalent circuit (see Figure 2.13), is very complicated to analyse. 

Nevertheless, Day et al(120) carried out the analysis, with the following assumptions: 

9 The two charge layers that form at the electrodes have the same thickness, tb. 

e The pennittivity within the blocking layer has the same value as that in the bulk. 

9 Ionic conductivity is the only contribution to the loss factor. 

Following the above mentioned assumptions, they argued that there are two 

inequalities that must be satisfied if blocking layer effects are to be observed: 
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tan8 >> I and tan 8 >> 
L-2tb 

(Eq. 2.76) 
2tb 

where L is the inter-electrode spacing. 

Using a subscript x to distinguish between the apparent measured permittivity and the 

actual bulk pennittivity, the resulting expressions were: 

(tan g)2 +L 
L 2tb 

2tb 
(tarl 5)' + 

(L 2 

L- 

Ttb 

) 

_j 
(Eq. 2.77) 

L-2tb 

E,, Er, 
L 2tb 

2t,, 
(tan 8)2 +2 

(Ttb) 

j 

In the ideal case of no blocking layer effects, where L >> tb, the above equations 
become: c, ' = e' and v, " = e" . 
The effects of the blocking layer thickness on the resulting dielectric properties are 

shown as a set of Cole - Cole plots in Figure 2.15. For an infinitesimally thin blocking 

layer compared to the inter-electrode spacing (L12t, >> 1), the Cole - Cole diagram 

approaches a vertical line which intersects the c' axis at the bulk (dipolar) permittivity 

c'. As the ratio L12tb decreases, either due to a smaller inter-electrode spacing or a 

thicker layer, the Cole - Cole diagram becomes semicircular with the one 6,, axis 
intercept at the bulk permittivity and the second intercept at the bulk permittivity 

multiplied by L12tb. 
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Figure 2.15 Cole - Cole plots from Eq. 2.77 for various electrode blocking layer 

thickness (from Ref 120) 

2.7.10 Dielectric Properties as an Index q the State of the Cure tf 

In the previous sections it was demonstrated how the ionic conductivity is related to 

the viscosity before gelation. Conductivity can be extracted by determining which 

regions are dominated by a frequency dependence. When conductivity is dominant, 

then the loss factor of Eq. 2.74 will become: 

(7 = .6 
ft Coco 

Wco 
(Eq. 2.78) 

By plotting cllroco as a function of time at different frequencies, regions of 

superimposing data will appear. These regions will represent the ionic conductivity 
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term, since conductivity is frequency independent. Data that do not superimpose, have 

a dominant dipole term and can be thrown out, leaving the pure conductivity term. As 

it was discussed in section 2.7.8, conductivity is directly related to viscosity through a 

proportionality law. Thus conductivity can be used as an index for the viscosity profile 

of the resin. Several researchers have used conductivity data to extract information of 

the viscosity build up during cure of thermosets. The use of the WLF equation (see 

section 2.5) to model conductivity data is the most dominant. Since viscosity obeys 

WLF behavior, it is clear that conductivity will follow the same law if a proportionality 

relation exists between viscosity and conductivity. Tajima and Crozierý 121) and 

Sheppard and Senturia(122) have demonstrated this very successfully. More recent work 

on the correlation between ionic conductivity and viscosity has demonstrated a number 

of ways of combining these two variables(", 124) 
. 

The use of the WLF equation to model conductivity data reveals that conductivity can 
be used for a direct estimation of the T, of the resin, since T. is the main variable used 
in a WLF behaviour. Koike(") demonstrated this for a DGEBA/aromatic amine 

system. Using a power law to correlate conductivity and viscosity and the VYLF 

equation, he simulated the Tg advancement of the resin prior to gelation very 

successfully. 
Although the proportionality law between conductivity and viscosity will start to 

collapse as the gel point is reached, correlation between conductivity and Tg indicates 

that the network build up during cure can be followed by monitoring conductivity 

variations in the resin. A number of papers exist in the literature dedicated in the 

exploitation of the relations governing structure development with the observed 

dielectric properties. Nass and SeferiS(126), using a linear relationship between ionic 

conductivity and degree of cure, modelled the cure advancement of a TGDDM system 

with a good degree of accuracy. Day("), introduces a cure index, defined by: 

percent cure index = 
fog(current conductivity) - 0% fog(conductivity) 

(Eq. 2.79) 
100% tog(conductivity) - 0% tog(conductivity) 
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to follow the cure of an EPON 828/DDS system. The results, compared with DSC 

measurements, showed good correlation throughout the cure. It was also implied that 

conductivity measurements are more sensitive than DSC measurements, especially 
towards the end of the cure, where very little heat evolution is observed. Casalini et 

al("'), using a similar cure index with that of Day, also simulated the cure advancement 

of an EPON 828/EDA system. Instead of conductivity, the initial and final values of 
the real or the imaginary part of the dielectric constant were used in the cure index. All 

the above models rely on the initial and final properties of the material. For any of 
these models to be used in an industrial context, restrictions have to be applied to avoid 
having to take into account the final properties of the material, since these properties 

are not known a priori. Stephan et al( ... ), in a recent paper for in-process control of 

epoxy composites by microdielectrometry, suggest a normalisation of the conductivity 
data by the initial conductivities. They propose that using an Arrhenius type 

relationship between initial conductivity and temperature, a master curve between 

normalised conductivity and degree of conversion can be obtained, thus giving a more 

accurate description of the curing process. 

2.7.11 Progress ofReactions by Complex Impedance Measurements 

Another way of following the cure advancement of thermosets by dielectric 

measurements has been demonstrated by Mijovic and co-workers("'). Their approach is 

based on the use of real and imaginary components of the complex impedance to 

monitor the progress of reactions. Their investigations have pointed out that the 

complex impedance varies in a systematic manner during the reaction. Again, the 

objective is to measure the variations in the contributions of migrating charges to the 

overall polarisation. The contribution of migrating charges to the overall polarisation 

varies during reaction as a consequence of physical and chemical changes in the 

reactive system. The equivalent circuit analysis is the heart of such investigations. In 

section 2.7.6, an equivalent circuit was constructed for the case of a polymeric system. 
Mijovic and co-workers, using the same interpretation, constructed a similar equivalent 

circuit, but now allowing for the presence of a distribution of relaxation times. The 
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model circuit is given in Figure 2.16 and the resolved real and imaginary parts of 

complex impedance for a single relaxation time system are given by Eq. 2.80. 

--i Ce 

Rp 

Ce 

Figure 2.16 Equivalent circuit of a thermoset exhibiting a distribution of relaxation 

times. The R, -C, elements in series represent this distribution. Yhe elements C,, C, and 
Rp are similar with the ones shown in Figure 2.13 (from Ref. 130) 

p[l co 
2(RC 

+. R C R _R p 
TC 

2 

zi -21p 2C (I-Rprw 
1) +W 2 (RPCI 

+ Rpq +. r)2 

(Eq. 2.80) 

Ztj _ 
Rp[co(-Rpq +-RPCý2 +, r)-cor(l-. Rprco 

+2 
To, 

2 Cl 
22 (R), C + Rpq + T)2 

Cco (I-RP )+ 
co 1 

where: C, = e,,,, Co, C2= (e,, - c, ý) C., -r =R C2andR, = ionic resistance 

The graphical representation of the imaginary part of complex impedance, in a Bode 

diagram (impedance vs. frequency), can be seen in Figure 2.17. Three zones can be 



Chapter Two Theoretical Backeround 71 

identified in this figure: Zone A, where blocking electrode effects dominate the 

response, Zone B, where dissipative effects play the major role and Zone C, where 

relaxation contributions dominate. In Zone B, where the dielectric signal is not affected 
by electrode polarisation or relaxation phenomena, the equivalent circuit can be 

transformed to simple R-C parallel circuit with a total capacitance C=C, + C2. The 

imaginary impedance of such a circuit is given by: 

wCR2 
z1f -p (Eq. 2.8 1) j+C92C2 2 R; 

The derivative of the imaginary impedance with respect to the angular frequency is: 

CR2 I_C dZ" '02 R 2C2 

P( p (Eq. 2.82) , +C02 2C2 dco R; 

which has a maximum at: 

0) =I (Eq. 2.83) 
RpC 

Combination of Eq. 2.82 and Eq. 2.83 gives: 

I- 
LP 

(Eq. 2.84) Z9.1 - 2 

Thus, the ionic resistance, Rp, can be directly determined from the maximum of the 

imaginary impedance observed in Zone B of Figure 2.17. 
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Z91 

Figure 2.17 Schematic plot of imaginary impedance as afunction offrequency. Zone 

A: electrode polarisation. Zone B: migrating charges. Zone C relaxation phenomena 

The straightforward determination of ionic resistance, and thus of the ionic resistivity, 

p, provides undoubtedly a great advantage over the trial and error search for the right 

frequency where the signal is dominated by conductivity (see section 2.7.10). Using 

the above method and empirical relations that correlate degree of cure with resistivity, 

Mijovic and co-workers established a good agreement between experimental results 

and model predictions for several epoxy/arnine systems(131,132) . The empirical 

relationship that connects the degree of cure with resistivity of the curing system, as 

used in the above mentioned studies, is given by: 

a- iogp-iogpo &gp", 
(Eq. 2.85) 

am ftp. - togjcb 
( 

where p, is the initial resistivity of the resin and a, p.,,, are the maximum attained 

degree of cure and resistivity respectively. 

2.712 Temperature Effects on the Dielectric Properties of Thermosets 

Temperature is the key variable in determining the cure rate for a given chemical 

system and since all of the microscopic mechanisms depend directly on temperature, it 

is of interest to investigate how the dielectric response of a thermoset will change with 

f, f2 Freq 
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changing temperature. The temperature behaviour of epoxy resins without any cufing 

agents can be readily investigated by a temperature scan through their Tg. The 

temperature dependence of the permittivity and loss factor of a DGEBA epoxy resin 
(Epon 828) in the vicinity of its glass transition is shown in Figure 2.18. At 

temperatures well below the monomer Tg, the permittivity at all frequencies has a value 

of 4.2 (unrelaxed pem-iittivity). As the temperature approaches Tg, the dipoles are 

starting to contribute to the permittivity as their mobility increases. This is evident first 

at low frequencies, where the permittivity starts to rise rapidly with increasing 

temperature up to the relaxed permittivity. A drop in permittivity then occurs as the 

temperature increases further. The increase in thermal motion, that is induced by the 

increase in temperature, tends to randomly redistribute the orientation of the dipole 

moments p, The effect of the temperature to the orientation polarisation factor a,, is 

expressed by the flinction (105): 

2 

ao - 
pm (Eq. 2.86) 

3kBT 

where kB is the Boltzmann's constant. The negative effect of the increase of 

temperature to the orientation polarisation, and thus to the relaxed permittivity is 

evident from that expression. The drop of the relaxed permittivity is followed by a 

rapid increase due to electrode polarisation effects. Similar behaviour is observed in 

the loss factor, but now with a dipole peak appearing as the Tg of the uncrosslinked 

resin is reached. The increase in the loss factor at temperatures above the Tg is 

attributed to an increasing ionic conductivity. The above discussion indicates the 

ability of the dielectric properties to track the Tg of a resin. Several researchers have 

assigned the loss peak at low frequencies (around lHz) to be a measure of the T. of the 

resin as that is measured by other independent techniques such as DSC measurements 
("'). Sheppard and Senturid"), investigating a series of DGEBA resins, have measured 

the temperature dependence of the frequency where the dipole loss peak appears. They 

have demonstrated the applicability of WLF behaviour to dipolar relaxations yielding 

values for the C,, C2 constants that are comparable to the universal values. The C, 
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constant was attributed to the dipolar contribution of hydroxyether moieties. 
The above results indicate that the temperature dependence of the dipole relaxation 
time at fixed conversion can be expected to follow WLF behaviour and that relaxation 
times of Isec will track the Tg of a curing system("'). Recent work in a series of 

epoxy/curing agent systems reveals that relaxation times around lsec do track the 

136) vitrification point of the curing system to a good level of agreement("' - 

In Chapter 8 the advancement of the cure reaction will be followed by monitoring the 

changes in the dielectric properties of the resin. The physical transformations (gelation 

and vitrification) will be investigated with respect to the characteristic changes in the 
dielectric signal. Mathematical formulae will also be constructed to represent the 

changes in the conductivity levels of the curing resin and an correlation between these Zy 
changes and the advancement of the cure will be exploited. 
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Figure 2.18 Temperature dependence of dielectric permittivity and dielectric loss 

of Epon 828 resin in the vicinity of its glass transition temperature (from Ref. 110) 



Chapter Three 

3. Materials and Methods 

3.1 Materials 

Four different epoxy-based resin systems were used in this study. Two of them were 

commercially available epoxy/amine systems, whereas the other two were specially 

prepared experimental systems based on one epoxy resin and two amine hardeners. A 

brief description of all the resin systems is given here. 

3.1.1 Commercial Resin Systems 

3.1.1.1 RTM6 Resin (137) 

The first commercial resin system used has the trade name RTM6 and is supplied by 

Hexcel Composites. RTM6 is a premixed, monocomponent epoxy resin system, 

specially developed to fulfil the requirements of the aerospace and space industry in 

advanced resin transfer moulding (RTM) processes. The expected service temperatures 

of final products range from -60'C to 180'C. At room temperature, RTM6 is a 

translucent paste and its viscosity drops very quickly upon heating. The uncured resin 
has a density of 1.117 g/cm' and the fully cured resin 1.141 g/em'. When fully cured, it 

exhibits high glass transition temperatures, excellent hot/wet properties and low 

moisture absorption. According to the manufacturer, the shelf life of this resin at 23"C 
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is at least 15 days, whereas at -18T it is approximately 9 months. 

Manufacturer's process specification for the RIM process: 

9 Preheat resin at 80'C 

0 Degas for 10 min under 5 mbar residual pressure while stirring slowly 

o Preheat the mould and the fibrous preform to 120'C 

0 Inject the resin (80'C) under vacuum/low pressure (I to 3 bar) 

0 Cure in mould: 75 min at 160"C 

* Free standing post-cure: 120 min at 180'C (ramp: 1 *C/min) 

3.1.1.2 934 Resin 

The other commercial resin system used has the trade name 934 and is supplied by 

Fiberite Inc ""). The general use of this resin is as a matrix in composite materials and 
it is commercially available in a prepreg form. Primarily it consists of a TGDDM 

epoxy cured with DDS hardener but also contains boron trifluoride catalyst. The 

chemical constituents of the resin matrix in the carbon fibre 934 prepregs, as these are 

reported in the literature ("), are shown in Table 3.1. 

TableM Chemical Constituents of the resin matrix of C Fibre 934 Prepregs 

Constituent pph 

TGDDM 100 

Diglycidyl orthophthalate epoxy (DGOP) 17.19 

DDS 39.06 

BF3: NH2C2H5 0.63 
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3.1.2 'Lab'Made Resin Systems 

Along with the two commercial resin systems, two other systems were tested, that had 

been produced by mixing appropriate constituents in our laboratory equipment. Both of 

them were epoxy/amine resin systems. The pure materials used for the preparation of 
those resins were one polyfunctional epoxy resin and two amine hardeners, discussed 

below. 

3.1.2.1 MY 721 Epoxy Resin 

The epoxy resin used was supplied by Hexcel. Composites with the trade name MY 

721 ( .. ). This epoxy resin is based on the aromatic glycidyl amine resin TGDDM, 

whose molecular structure is shown in Figure 2.3. It was supplied as a high viscosity 
liquid with a density 1.19 - 1.22 g/cmý at 25"C. 

3.1.2.2 Amine Hardeners 

a) 4.4' - Methylenebis(2-isoprol2yl-6-methylaniline) (M-N A) 

One of the curing agents used in this study was 4,4' - Methylenebis(2 - isopropyl -6 

methylaniline) with a chemical formula C21H30N2 and molecular weight 310.49. This is 

a diamine commercially supplied by LONZA Ltd under the trade name M-MIPA. The 

structural formula of this agent is shown in Figure 3.1. M-MIPA is a yellowish brown 

solidified melt with a solidification range 10 - 30 'C and density 0.99 g/mI (20 *C). 

Typical applications of this hardener are: 

& Chain extender for elastomeric poly-urethanes; 

Curing agent for epoxides; 

Precursor for polyimides, polyesterimides and polyetherimides. 
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Figure 3.1 Structuralformuld of M-MIPA amine hardener 

(-M_DF b) -44' - Methylenebis (2.6 - diethylaniline) A) (141) 

The other curing agent used was 4,4' - Methylenebis (2,6 - diethylaniline) with the 

same chemical formula as M-MIPA but with a different structural formula (see Figure 
3.2). This agent is also supplied by LONZA Ltd. under the trade name M-DEA. It is 

supplied as white to brown flakes with a bulk density of 0.5 kg/l and a melting point of 
88'C. The same typical applications apply for this agent as for the M-MIEPA agent. 

IH12N NH2 

Figure 3.2 Structuralformula ofM-DEA amine hardener 

3.1.2.3 Resin Preparation 

Two different formulations were prepared in the laboratory from the above materials. 
The chemical constituents for each formulation are shown in Table 3.2. Stoichiometric 

mixing ratio 1: 1 between epoxy groups and amino-hydrogens was adopted for 

Formulation B, whereas the epoxy groups and amino-hydrogens ratio of Formulation 

A was 0.85. 

The epoxy resin was stored in a refrigerator, whereas the amine hardeners were stored 
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at room temperature. The epoxy resin was allowed to reach room temperature before 

opening to avoid moisture condensation on the surface of the material. 

Table 3.2 Chemical Constituents of 'lab'made resins 

Resin pph 

MY 721 M-MIPA M-DEA 

Formulation A (RMO) 1 100 43.7 26.7 

Formulation B (RM02) 1 100 70.4 

In general, resin mixtures were prepared according to the following procedure: after 

the initial melting of the hardeners at 90*C, they were dissolved in the epoxy resin at 

I OO'C. The mixing temperature was achieved using an oil bath. A magnetic stirrer was 

used throughout the mixing procedure, which lasted 30 minutes, for better mixing 

conditions. After the mixing, the resin was kept at 80*C under vacuum for 30 minutes 

to remove all air bubbles and then it was free cooled to room temperature. The 

mixtures were placed in glass containers and stored in a freezer at -18*C for fiulher 

use. 

3.1.2.4 Resin Formulations 

As was mentioned in the above sections, the epoxy/amine hydrogen ratios in the resins 

prepared in the lab were kept between specific limits, based on the assumption that the 

pure materials do not contain any higher oligomers and homopolymer species. To 

verify this, HPLC experiments were made at Short Brothers ("') and the results were 

supplied to us for evaluation. These experiments showed that the neat materials were 

not as pure as expected. In particular the MY 721 epoxy resin had an equivalent 

molecular weight of 520, whereas the molecular weight of pure TGDDM resin is 422. 

The epoxy/amine hydrojen ratios, as determined by the BPLC experiments, are shown 

in Table 3.3 along with the data for the RTM6 resin. The HPLC experiments also 
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indicated that the RTM6 resin consists of two amine hardeners with an amine 

hydrogen ratio r,, = 0.62. 

Table 3.3 Epoxylamine hydrogen ratios for the resin systems RTM6, RMO and 
RM02, as these were deter7nined by HPLC experiments 

Resin RTM6 RMO RM02 

Epoxy/Amine hydrogen 

ratio (r) 

0.85 0.95 0.83 

3.2 Conventional Methods of Cure Monitoring 

3. ZI Differential Scanning Calorimetry (DSQ 

This method was used in the cure reaction kinetics evaluation and in the glass 

transition temperature determinations. All experiments were conducted on a Perkin 

Elmer DSC-4 apparatus apart from the isothermal experiments on RTM6 resin which 

were made on a Mettler Toledo 8000 apparatus. The Perldn Elmer DSC-4 was fitted 

with a cooler unit to achieve measurements in sub-ambient temperatures. In both 

instruments, a nitrogen purge gas was used to avoid any oxidation of the samples 
during the experiments. 

3.2.1.1 Dynamic DSC Experiments 

Dynamic runs at constant heating rates were made in order to determine the conversion 

profile and the total heat of reaction released during dynamic curing of all resin 

systems. For that reason, 8-10 mg of the resin were encapsulated in an aluminum pan 

and placed in the instrument furnace at ambient temperature. After cooling to -50'C 

and 2 minutes equilibration, the heat evolution was monitored from -50'C to 320'C 

using the following heating rates: 2,5,7.5,10,15 and 20 *C/min. A typical 

thermograrn of a dynamic cure is shown in Figure 3.3, translated into energy changes 
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per "C. The degree of cure, a, at any temperature T during the dynamic cure is given 
by: 

T, 
dH f-dT 

TO dT 
(Eq. 3.1) ATIT 

and represents the shaded proportion of the total area shown in the same figure. The 

lower bound of the integration, To, is the lowest temperature at which heat evolution 
begins. Integration of the total area enclosed under the thermograrn will give the total 

heat of reaction released during the reaction, AH, since it is supposed that the curing 

reaction has proceeded to 100% of the extent of cure by the end of the run. Prior to 

each experiment the instrument background was collected by running the same 

experiment with an empty cell instead of a cell filled with resin. The instrument 

background was subsequently subtracted automatically from the response of the resin. 
Integration of the above formula supposes an a priori knowledge of the baseline from 

which the integration has to be performed. The baseline is the sample background that 

has to be subtracted from the DSC curves to reveal the pure response of any 

endothermic or exothermic reactions. The problem of sample background correction 

arises from the fact that the specific heat of the system continuously changes during the 

thermal event (e. g. curing, melting) from the level of the initial substances to that of 

the final product. To obtain the net effect due to the thermal event, the course of the 

heat capacity changes should be subtracted from the data corrected for the instrument 

baseline. The standard method for sample background correction is the subtraction of a 

straight or a sigrnoidal line connecting the initial and the final levels of the specific 

heats. In thermosets, straight or sigmoidal lines may not represent the real sample 

background, because the specific heat of the system during the thermal transition 

depends on both the current degree of cure and the temperature. Bandara('O), using the 

thermal response of the Taterial before and after any thermal events, constructed an 

expression that incorporates changes in the specific heat due to the degree of cure. This 

expression is given by: 
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i ff G(t) - F(t)) dt 

T(t) p (Eq. 3.2) 2 
(t) 

- PI (1)) + PI (t) 

ff G(t) - F(t)) dt 
0 

a 

C. ) 
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T6 TO dT 

TI 

Temperature (*C) 

Figure 3.3 Typical DSC thermogram of a curing resin under heating at constant 
heating rate. The shaded area is given by the integral shown 

In this expression, F(t) is the sample background, G(t) is the total signal corrected for 

the instrument background and t,, is the time of termination of the thermal event. P, (t) 

is the DSC signal for the initial substances in the absence of any events, which can be 

estimated through linear extrapolation of the portion of the total curve prior to the 

thermal event. P2(t) is the DSC signal from the product alone, which, for a thermoset, 

can be estimated by a rerun of the fully cured sample under the same experimental 

conditions. An iterative algorithm can be constructed to find a numerical solution for 

F(t). 

This form of baseline has been used in Chapter 4 for the calculation of the heats of 

reaction and the evaluation of the conversion profiles. 

The overall reaction rate can be calculated directly from the rate of enthalpy change. 

Normalisation of the enthalpy rate by sample weight and division by the total heat of 

reaction will give the reaction rate. 



! Chapter Three MaAcTials and Methods 83 

3.2.1.2 Isothermal DSC Experiments 

Isothermal experiments were carried out only for the RTM6 resin. Isothermal 

experiments were also tried for 934 resin, but the produced thermograms did not show 

a clear baseline for the integration. Therefore, the isothermal experiments on 934 resin 

were aborted. For the isothermal experiments on RTM6 resin, 2-3 mg of the resin 

were encapsulated in an aluminum pan and the pan was placed in the pre-heated 

furnace of the instrument at the isothermal temperature of the experiment. After 2 

minutes thermal equilibrium was achieved, the isothermal cure monitoring started. The 

temperatures used were: 140,160,170 and 180 *C. 

The measurement of the heat released during the curing reaction is used for the 

determination of the cure kinetics. A typical isothermal curve is shown in Figure 3.4. 

The degree of cure, cr, at any time t during the isothermal reaction can be obtained 

from: 

If dH 
dt 

dt 
(Eq. 3.3) 

The numerator is the heat released until time t and is equivalent to the shaded area 

shown in the same figure. The baseline for the integration was estimated by drawing a 

horizontal line, extrapolating the baseline reached on the completion of the cure peak 

to the start of the peak. AHTis the total heat of reaction for a 100% cured sample. For 

the determination of the total heat of reaction, dynamic DSC experiments were 

conducted, as described in Section 3.2.1.1. Numerical methods were used to calculate 

the integral of the above equation at various time intervals in order to obtain the 

conversion profile at each experiment. 

The overall reaction rates were calculated using the same method as in the dynamic 

case. 
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Figure 3.4 Typical DSC thermogram of a curing resin under isothermal conditions. 
The shaded area is given by the integral shown 

3.2.1.3 Residual Heat of Reaction DSC Experiments 

The conversion profile of all the resin systems, under isothermal conditions, was also 

constructed by measuring the residual heat of reaction after partial cure of the resin at 
different time intervals and cure temperatures. For these experiments 8-10 mg of the 

resin were encapsulated in an aluminum pan and placed in the pre-heated furnace of 

the instrument at the isothermal temperature of the experiment. After 2 minutes of 

equilibration, the time elapsed during the cure started to be measured. When the 

predetermined time interval had elapsed, the sample was quenched to -50'C and 

subsequently scanned at 10 IC/min until fully cured in order to determine the residual 

heat of reaction, AH,.,,. 

The respective degree of conversion was calculated by: 

AHT -, dH,. � (Eq. 3.4) 
AHT 

The above procedure was repeated, using different samples, for a range of time 

intervals and temperatures, until enough points had been determined to enable the 

construction of the conversion profiles. 
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Some samples showed a characteristic spike in the thermograrn just before the 

exotherm started, which was attributed to the physical aging of the resin. When the 

resin has passed the vitrification point, a subsequent dynamic scan of that resin usually 

shows an endothermic spike in the vicinity of the T. as can be seen clearly in the 

thermogram of Figure 3.5. To eliminate this sub-Tg physical annealing, the specimens 

were quickly quenched from temperatures just above the endothermic peak to the 

temperature of -50"C. The subsequent re-heating of the specimens using the same 

experimental conditions was free of the endothermic peak as can be seen in the same 
figure. This method, also used by Gillham and co-workers (77) 

, results in an error 
introduced by the cooling and the subsequent re-heating of the specimens of not more 

than I-2 *C of the final Tg value of the cured resin. 
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Figure 3.5 Endothermic physical aging peak for samples that had vitrified during 

cure. a) symbols: aging peak b) solid line: rescan to eliminate the physical aging 

peak. The-Tg of the partially cured resin is also shown in this picture as the midpoint of 

the endothermic shift in the thermogram 
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3.2.1.4 T. Measurements 

Estimation of the Tg of the partially or fully cured resin was made from the 

experimental results of the residual heat of reaction experiments. The glass transition 

temperature was determined as the midpoint of the endothermic shifts observed during 

the rescans of the partially cured resin. An example of Tg determination is shown in 

Figure 3.5. 

At the later stages of the cure, when the resin has reached vitrification, the residual 

reaction exotherm starts in the immediate vicinity of the T. region. This made the 

determination of the glass transition and subsequently of the residual heat of reaction 

difficult, since no experimental method exists to separate these two phenomena. 

Because of the above difficulty, the Tg results will be presented in the following 

sections as approximate values of the actual Tg values. 

3.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

Alongside the DSC experiments, kinetic studies of the resin systems were also 

conducted by FTIR. All experiments were made on a Perkin Elmer System 2000 FT-IR 

spectrometer with a cell controlled by a SPECAC temperature contToller. The cure of 

the resin was investigated under isothermal conditions at temperatures of 130,140,150 

and 160 "C. 

Disposable window samples had to be used because following the completion of the 

cure, the window sample system would be firmly bonded and irrecoverable. For that 

purpose, freshly prepared KBr disks were made following a standard method and were 

kept in a moisture free environment. Absorption of moisture from the KBr disks could 

cause interference both with the measured spectrum and with the actual kinetics of the 

curing resin. As discussed in the theoretical part, OH groups accelerate the reaction 

between the epoxy and the amino groups. Thus, the presence of moisture could cause 

acceleration of the overall reaction rate during the cure. 

The specimens consisted of two KBr disks with a couple of drops of resin placed in 

between. The sample system was placed in the pre-heated cell attached on the 

spectrometer window, and after allowing two minutes for equilibration, the spectra 
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started to be recorded at regular time intervals. Thirty to forty readings were collected 
for each sample allowing an average of sixteen spectra for each reading. The collection 

of the spectrum was concentrated in the mid-infrared region (wavenumbers 4000cm-' - 
400cra') using a resolution of lcm7'. Prior to each ran, the background spectrum was 

collected and automatically subtracted from the resin spectrum. A typical absorption 

spectrum of a curing resin is shown in Figure 3.6. Identification of the peaks according 

to the chemical groups involved, along with the quantitative analysis performed to 

extract the conversion profiles will be discussed during the presentation of the 

experimental results, in Section 4.2. 
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Figure 3.6 Typical absorption spectrum of a curing resin in the wavenumber range 

between 1100cm-and 700cm-' 

3. Z3 Rheometry 

The viscosity of all the resin systems was measured during the course of cure using a 

Bohlin Instruments CVO-10 rheometer. The measuring geometry used was a 40mm 

parallel plate system with the bottom plate fixed and the top plate oscillating at a fixed 

frequency. The measurements were made by controlling the applied stress so that the 
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corresponding strain never exceeded predetermined limits. Prior to each experiment, 
frequency and stress sweeps were made, in order to determine the appropriate 
frequency and stress ranges within which the curing resin behaved as a linearly 

viscoelastic material. 
All experiments were conducted under isothermal conditions at temperatures of 130, 

140,150 and 160 *C. After pre-heating the plates to the experimental temperature, the 

resin was placed on the bottom plate and the upper plate was lowered down until a 
fixed gap of 0.5mm between the plates had been reached. After allowing 2-3 min for 

temperature equilibrium to establish, the measurement was started collecting the 

viscosity response at fixed time intervals. When the measured viscosity had exceeded 

the value of 20 kPas, the measurement was stopped and the data were stored for 

subsequent analysis. 

Control of the temperature was made by an electrical heater with two individual 

heating elements, one for each plate. To prevent any heat losses, a specially designed 

insulating system was used, enclosing the measuring unit. Because the measuring 

parallel plates would be firmly bonded and irrecoverable at the end of the experiments, 

disposable plates were used. These plates withstand high temperatures, so after each 

experiment, the cured resin was burned off at 500"C in order to recover the plates for 

another use. 

3.3 Dielectric Measurements 

Dielectric measurements were performed using a Solartron SI 1260 Frequency 

Response Analyser (FRA) controlled by a PC using 'in-house' produced software. 

Communication between the computer and the FRA was accomplished via an IEEE 

interface which enabled both the conditions of the measurements to be pre- 

programmed and automated and also the data to be collected and stored for subsequent 

analysis. All measurements were performed in the frequency range between O. lHz and 

IMHz. In this frequency range, 29 spot frequencies were swept in a logarithmic scale 

at specific time intervals during the cure. The AC voltage supplied by the FRA was set 

to 0.3V. 
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Commercial sensors, which are Dek-Dyne interdigitated electrodes, were used in this 

study. The sensors consist of an electrode assembly placed on a Kapton layer. The size 

of the Kapton layer was 25 x 13 mm, of which 19 x 10.5 mm. comprise the actual 

electrode assembly. The interelectrode spacing was 15gm, thus allowing for a localised 

measurement of the dielectric properties to be achieved. A schematic representation of 

the sensor along with the produced electric field is shown in Figure 3.7. 

Towards the end of the cure, the resin exhibits high impedance values in the range of 
MOhms , thus the currents that have to be measured fall in the range of nA. In order to 

increase the sensitivity of the measurement and enable a more accurate measurement of 

the current, an Electrochemical Interface (Solartron SI 1287) was used as a 

potentiostat, in series with the FRA. Using this configuration, the dielectric properties 

that could be monitored were the real and the imaginary parts of the impedance of the 

system. 
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Figure 3.7 Schematic representation of the Dek-Dyne interdigitated electrode 
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All experiments were made under isothermal conditions at temperatures of 130,140, 

150 and 160 'C. A specially designed furnace consisting of a hollow copper tube was 

used, controlled by a EUROTHERM temperature controller. The heating elements 

were placed around the copper tube to enable better heat transfer conditions. A control 
thermocouple was placed in a hole on the side walls of the copper tube. The final 

temperature control achieved by this configuration was excellent with the applied 

temperature varying about ±1 'C in the isothermal stage. 
The comb electrodes were connected to the dielectric apparatus via shielded cables. At 

one end, the connecting cables were soldered onto the electrode terminals, whereas at 

the other end, they were plugged in the potentiostat through the appropriate co-axial 
fittings. 

The complete experimental procedure, from the beginning to the end of each 

experiment was as follows: 

9 Setup of the experimental parameters that had to be transmitted to the FRA and to 

the potentiostat via the 'in-house' produced software; 

Setup of the temperature controller to the experimental temperature; 

Pre-heating of the measuring cell (test tube) at the experimental temperature; 

Pouring of the resin into the pre-heated test tube; 

Immersion of the sensor into the resin with the sensing side facing the inner side of 

the test tube; 

* Immersion of the test tube into the hollow copper tube and shielding of the Rimace 

to prevent heat losses; 

9 Equilibrium at the experimental temperature for 2-3 minutes; 

o Start of the experiment via the software and collection of the dielectric response at 

predetermined time intervals throughout the cure; 

0 Stop of the experiment and storage of the data when no further change in the 

dielectric response observed. 
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Figure 3.8 Schematic representation of the experimental setup usedfor the dielectric 

measurements 

A schematic representation of the complete experimental setup is shown in Figure 3.8. 

The design of the Dek-Dyne sensor has the disadvantage that the electric field is not 

well defined. The two-terminal configuration of the sensor does not allow for 

correction of the electric field as it is usually achieved by the use of a three-terminal 

cell, where the third terminal (guard ring) fixes the geometry of the produced field. 

This necessitates the use of calibration for determining the permittivity and the 

dielectric loss of the material. The following empirical formulae were given by the 

manufacturer of the sensors for the calibration and allowed for the end effects due to 

the two-terminal nature of the cell: 

C 
3.93 ' -2.93 CO 

(Eq. 3.5) 

3.93 
G, 

2; rfCo 
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In the above expressions, C, and G, are the sample capacitance in F and the sample 

conductance in S respectively, C, is the free air capacitance in F and f is the test 
frequency in Hz. 

Prior to each experiment, measurement of the free air capacitance was made, in order 
to be used in the calculation of the permittivity and the dielectric loss of the material. 
For this reason, the same experimental parameters used for the curing of the resins 

were also used in the air capacitance measurements. 
All the experimental results along with an analytical discussion will be presented in the 
Chapter 8. 



Chapter Four 

4. Cure Kinetics ModeRing 

4.1 Introduction 

In this chapter results of measurements obtained from DSC and Infra-red spectroscopy 

are presented. The formation of the three-dimensional network during the cure of the 

epoxy-amine system and the transformations that occur (liquid-to-rubber-to-glass 

transitions) are phenomena that are controlled and influenced by the reaction kinetics 

of the curing system. In the following sections the results from the above two 

monitoring techniques are compared to each other and are used to construct 

mathematical models that follow the reaction kinetics throughout the cure cycle. 
Subsequently, gelation and vitrification points will be evaluated and their dependence 

upon the reaction kinetics of the epoxy-amine systems used will be investigated. 

4.2 Preliminary Remarks on the Experimental Results 

At first, the total heat of reaction, AHT, was evaluated for all the epoxy-amine systems 

used in this study. Dynamic DSC runs were conducted at constant heating rates and 
AHTwas evaluated as discussed in Section 3.2.1.1. To check if the reaction mechanism 

changes with the heating rate used, the dynamic runs were repeated at six different 

heating rates for each resin system used. The results for all the resins at heating rates 2, 

5,7.5,10,15 and 20 'C/min are shown in Table 4.1. 
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It is evident from these results that the total heat of reaction remains constant for all 

resin systems in the range of heating rates used. This observation might suggest that 

the reaction mechanism remains constant at constant heating rates in the range between 

2 and 20 'C/min. In the following sections, an average value of the total heat of 

reaction will be used for each resin system. These average values are given in Table 

4.1. 

Table 4.1 Total heats ofreaction ofall resin systems at different heating rates. 

Heating Rate (IC/min) 

Resin 2 5 7.5 10 15 20 Average 

System Total Heat of Reaction Aff, (J/g) V/9) 

RTM6 432 437 440 431 437 438 436 

RMO 478 473 480 477 495 476 480 

RM02 443 451 452 446 456 454 450 

F934 450 447 449 452 449 452 450 

The evolution of the fractional degree of cure, (x, of all resin systems with temperature 

under dynamic cure at constant heating rates was calculated using the method 
described in Section 3.2.1.1, with the assumption that the material is fully cured after 

the end of the dynarnic run. The calculated results are shown in Figure 4.1 - Figure 4.4 

for all resin systems. As can be seen from these figures, curing of the resin at low 

heating rates has as a result a drop of the onset of the reaction to lower temperatures. A 

similar effect is observed throughout the cure for all the resin systems; at a specific 

temperature, the degree of cure is higher at lower heating rates. A simple explanation 

can be given for this trend. Two phenomena take place during dynamic cure: a) 

appearance of increasing temperature lags between the temperature of the material and 

the instrument temperature with increasing heating rates and b) higher heat evolution 

for higher heating rates. 
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The first phenomenon is a consequence of heat transfer limitations within the test 

material and indicates that at slow heating rates the material can respond almost 
instantaneously to any temperature variations, reaches temperature equilibrium faster 

and as a result starts to react at apparently lower temperatures. 

The second phenomenon is a result of the amount of external energy that is supplied to 

the reacting system. Fast heating rates impose high energy level inputs to the material, 
that are translated into large heat evolution from the curing resin. This phenomenon 

can be observed in Figure 4.5. In this figure, heat evolution normalised by the sample 

weight is plotted against temperature for RMO resin cured at two constant heating 

rates, 5 and 20 *C/min. It is evident that curing at 20 *C/min results in the release of 
larger amounts of heat than the 5 'C/min cure. 
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Figure 4.10 Reaction rate as a function offractional conversion for dynamic cure of 
RMO resin system at different heating rates. Experimental resultsfrom DSC scans 

Figure 4.6 - Figure 4.9, show the reaction rates versus cure temperature for all the resin 

systems, cured at constant heating rates. Calculation of reaction rates was done 

according to the method given in Section 3.2.1.1 for the dynamic case. The higher 

reaction rates achieved with the fast heating rates are evident, implying that the 
j 

reaction progresses faster at quick heat up. 

More information can be extracted if we consider the reaction rate as a function of the 

degree of cure. In Figure 4.10 the reaction rate is plotted as a function of the degree of 

cure for the RMO resin system for all the heating rates used. At a specific conversion 

the reaction rate is higher for higher heating rates and reaches a maximum value at a 

fixed conversion for all heating rates. This last observation indicates that the reaction 

mechanism remains the same for all heating rates. In order to check the validity of this 

statement, the reaction rates, normalised by the maximum reaction rate attained at each 

heating rate, are plotted as a function of the degree of cure for the same resin system. 
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The plots are shown in Figure 4.11. It is evident from this figure that all plots fall into 

a master curve up to around 60% conversion where higher heating rates start to deviate 

upwards slightly, showing higher reaction rates. This master curve provides strong 

evidence that the reaction mechanism does not change significantly with different 

heating rates. 
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Figure 4.11 Reaction rate normalised by the maximum reaction rate as afunction of 
fractional cQnversion for the RMO resin system, for dynamic cure at different heating 

rates. Experimental resultsftom DSC scans 

The same trend is followed for all the resin systems apart from the 934 resin. In Figure 

4.12 the reaction rates are plotted as a function of temperature for this system. A 

constant reaction rate is observed for all heating rates in a conversion window of about 
10% in the low conversion area. The conversion range for which this plateau is 

observed falls down to lower conversions for slower heating rates, an indication that 

the heating rate does affect the reaction mechanism for this particular resin system. A 

more detailed analysis for the reaction mechanism during the cure of this resin system 
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will be given in Section 4.4.4. 

Apart from the experiments for the dynamic cure of all the resin systems, the same 

resins were also cured isothermally over a range of temperatures in order to obtain the 

cure profile under isothermal conditions. Currently, there are two methods to follow 

the advancement of the reaction isothermally by a DSC: a) direct isothermal 

experiments and integration of the thermogram to calculate conversions throughout the 

cure and b) experiments to obtain the residual heat of reaction at specific time intervals 

at each temperature. The experimentation and the way the results are obtained were 
described in Sections 3.2.1.2 and 3.2.1.3. 
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Figure 4.12 Reaction rate as a function offractional conversion for dynamic cure of 
934 resin system at different heating rates. Experimental resultsfrom DSC scans 

Before any results are presented, a comparison between these two methods will be 

made in order to identify the advantages and disadvantages of each method. For this 

purpose, results from both methods obtained on the RTM6 resin system will be 

presented. 
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The reaction rates for the isothermal cure of RTM6 resin at 140'C and 160'C as a 
function of time are shown in Figure 4.13. 

Reaction rates were calculated according to the method described in Section 3.2.1.2 for 

the isothermal case. Apart from the expected faster cure of the resin at the higher 

temperature of 160'C in respect to the cure at 140T, another interesting aspect of the 
isothermal cure of this resin is the autocatalytic behaviour that it shows (increasing 

reaction rate as cure progresses). Since this resin is an epoxy - amine system, the cure 

reaction is expected to be autocatalytic, catalysed by the hydroxyl groups produced 
from the epoxy - amine addition reaction, especially early in the cure. Details of this 

mechanism can be found in Section 2.2.2. In order to verify if the curing reaction had 

fully progressed for both temperatures, the degree of cure was calculated according to 

the method described in Section 3.2.1.2. The results are shown in Figure 4.14 as plots 

of fractional conversion against cure time. 

0.024 

0.020 
A 140 «C 

0.016 160 OC 

A 

0.012 A 
Z-A 

glog 

Co 0.008 
(D 

0.004 ý40A0 

bee A0 

0.000 
0 20 40 60 80 100 120 140 160 180 

Time (min) 

Figure 4.13 Reaction rate as afunction of timefor an isothermal cure qfRTM6 resin 

at 140 'C and 160'C. Experimental resultsfrom: isothermal DSC scans 
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As can be seen from these plots, the reaction stops before full conversion has been 

achieved, (around 90% for the 160'C cure and 80% for the 1401C), probably hindered 

because of structural limitations. As was discussed in Section 2.3, isothermal cure of 
thermosets leads to incomplete reaction as diffusion processes take control during the 

construction of the three dimensional network. At this point no further explanation will 
be given on the issue of whether and when diffusion starts. A detailed analysis will be 

given in the following sections in which the kinetic models are constructed (see 

Sections 4.4.1,4.4.3 and 4.4.4). 
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Figure 4.14 Fractional conversion as a function of time for an isothermal cure of 
RTM6 resin at 140 *C and 160*C. Experimental resultsfrom isothermal and residual 
heat ofreaction DSC scans 

As was mentioned earlier, the degree of cure was also calculated by the method of 

residual heat of reaction of partially isothermally cured sainples. The results for the 

RTM6 resin system for temperatures 140"C and 160'C are shown in Figure 4.14 as 

plots of fractional conversion against cure time. Results from isothermal experiments 
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for the same resin system and temperatures are also plotted in the same figure for 

comparison. 

As can be seen from this figure, the correlation is very good for the cure at 140'C but 

there is a small deviation for the 160'C cure. In order to determine which of these two 

methods gives the more accurate results, another technique had to be used, that could 

give the degree of cure independently of the DSC experiments. The technique that was 

chosen for this correlation was Infra-red spectroscopy. 
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As indicated in Section 2.6.3, Infra-red spectroscopy provides a very good insight into 

the curing reaction since it can follow the concentrations of all the reactive species 
throughout the cure. For the purpose of correlating the degree of cure by DSC and 
Infra-red experiments the reactive groups that had to be monitored were the epoxy 

groups. In the mid-infi-ared region, the epoxy groups absorb radiation at more than one 
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wavelength. In cases were quantitative measurements have to be performed, like our 

case, one should choose a wavelength that gives a distinctive absorption peak with an 

easily measured height. 

In Figure 4.15, the absorption spectrum of RTM6 resin is given for wavenumbers from 

11 00cm-' to 700cm-' at room temperature. For reasons of comparison the spectrum of 

the pure tetrafunctional epoxy resin W721 can be seen in the same figure at the same 

wavenumbers. The literature contains several reports assigning characteristic 

absorption peaks to the epoxide group in small molecules. The most common 

absorption peaks in the wavenumber range of Figure 4.15 are those appearing at 

907cm7' and 832cnf' ("'). As can be seen from this figure, the epoxy ring absorption at 

these wavenumbers gives well resolved peaks in both the pure epoxy resin NM21 and 

the RTM6 resin, that can be used for quantitative analysis. To eliminate baseline 

changes between the spectra, the epoxy ring absorption peaks have to be normalised in 

respect to a reference peak that is in the vicinity of them and does not change in 

intensity. The absorption peak at 8OOcm7', that refers to the aromatic C-H bend, was 

chosen for that purpose. 
For quantitative analysis of these peaks, the formula given by Eq. 4.1 was used. In this 

expression, Ej and R, are the peak heights of the epoxy ring absorption either at 907cm-' 

or at 832cm-' and the reference peak height at 800cm" at time t=i respectively. The 

subscripts, 0 and f refer to the initial and final height at time t=0 and t=t. 

respectively. A typical baseline from which heights were measured is shown in Figure 

4.15. 

EO Ej 
RO A. 

relative fractional conversion = EO Ef (Eq. 4.1) 

RO Rf 

To establish the reproducibility of the results, both peaks were analysed and compared 

with the DSC results. As the true baseline from which the heights have to be measured 

is unknown, the relative changes of the peaks were monitored as those were varying 
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between the minimum and the maximum values. The outcome of the analysis can be 

seen in Figure 4.16 for the cure of RTM6 resin at 140T and 160T. The conversion 
data from DSC experiments have also been translated to relative conversion in order 
for the comparison to be possible. A close look at this figure shows that the peak at 
907cm-' follows the cure in a similar way the DSC does and gives almost identical 

results with the experiments on the residual heat of reaction. 
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Figure 4.16 Relative ftactional conversion of RTM6 resin at 140'C and 160'C 

against cure time. Comparison between DSC experiments (isothermal and residual 
heat ofreaction) and inftared absorption experiments. 

Further analysis on the isothermal cure of all the resin systems will be therefore based 

on experimental data from these two methods. The infrared technique will be the basic 

method providing experimental data for analysis, whereas the DSC experiments on the 

residual heat of reaction will be used for cross cheeldng. The reason for choosing the 

infrared spectroscopy as the main method is because the experimental database arising 

from each experiment is greater than that obtained from the DSC experiments. 
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4.3 A Model - Free Cure Kinetics Prediction 

In general, the overall reaction rate during the cure of a thermosetting resin can be 

written as 
(144) : 

da 
= K(T) - f(a) (Eq. 4.2) 

dt 

where a is the overall epoxide conversion and K, f are functions of temperature and 

conversion respectively. Assuming that the function K has an Arrhenius dependence on 

temperature, and taking the natural logarithm of both sides of Eq. 4.2, we get: 
I 

da EI 
ýn = inA --. -+fnf(a) (Eq. 4.3) 

dt RT 

where A and E are the Arrhenius parameters, R, is the universal gas constant- and T, is 

the absolute temperature. Since the functionf depends only on the overall conversion 

and not on the temperature, if we assume a specific conversion, a,,,,,, the functionf will 

have a constant value, f (aij, for any cure temperature, with the constraint that the 

reaction mechanism does not change with temperature, that is the functionf is uniquely 

defined in respect to a. 
Based on the above analysis, the construction of the "isoconversion" plots (145,146), that 

is the plots of the natural logarithm of the reaction rate at a specific conversion against 

the inverse of the absolute cure temperature, will give straight lines with slope, -E R 

and an intercept, inA + tnf (ajj. 

The isoconversion plots for the dynamic cure of RTM6 resin can be seen in Figure 

4.17. The temperatures to reach the predetermined conversions along with the 

corresponding reaction rates at each heating rate were calculated by polynomial 

interpolation of the raw DSC data. The isoconversions used along with the fitted 

straight lines are given in Table 4.2. 



Chapter Four Cure Kinetics Modelliniz 109 

An interesting aspect of the above isoconversion analysis of the cure is the quick 

estimation of the activation energy of the reacting system. Since the slope of the 

isoconversion lines actually represents the activation energy, which is given by: 

Activation Energy E=- slope -R (Eq. 4.4) 

the activation energy and the way it varies with the advancement of the cure are easy to 

calculated. In Figure 4.18 the activation energy of RTM6 resin, is plotted as a function 

of the fractional conversion during the dynamic cure at constant heating rates. 
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Figure 4.17 Isoconversion plots ofRTM6 resinfor dynamic cure at 5,7.5,10,15 and 

20 'Clmin. Symbols represent the raw data of DSC experiments and solid lines the 

regression lines at each conversion level 



Chapter Four Cure Kinetics Modelline 110 

80 

70 

60 

50 

40 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Fradional Conversion 

Figure 4.18 Variation of activation energy with conversion for the dynamic cure of 
RTM6 resin. Activation energy was calculatedfrom the slopes of the isoconversion 

lines ofFigure 4.17 

As can be seen in this figure, the activation energy of the curing system changes 

throughout the cure. The initial decrease of E for low conversions follows a plateau at 
intermediate conversions, whereas at conversions of around 60% and above the 

activation energy starts to increase. 

The initial small values of the activation energies can be attributed to the autocatalytic 

nature of the reaction.. Since the reaction is catalysed by the hydroxyl groups formed 

during the epoxy - amine addition reaction, it is evident that the reaction will proceed 

with greater ease in the initial stages. As the reaction advances, the autocatalysis 

diminishes giving way to the non catalytic epoxy - amine addition reaction, with a 

consequent increase in the activation energy of the reacting system. 
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For the dynamic cure it holds: 

da Ida 
dT = fl dt 

(Eq. 4.5) 

where 8 is the heating rate. Substitution of the above equation into Eq. 4.3 and some 

rearrangement will give: 

a da IT (__E E 
T) 

fT fexp 
T dT (Eq. 4.6) 

0 
Af(a) fl 

TO 

Since E/ RT >> 1, the integral of the right hand side of the above equation can be 

approximated by (147) : 

T 
xý_ _ 

E' E' 
ii) dT "ý 

RT2 
exý_ T_ 

fe 
T) 

(Eq. 4.7) 
TO 

Ei 

which, if substituted in the original expression, will give: 

a da R2 E LL 
T 

f- 
- -- ex 7, 

) 
(Eq. 4.8) 

0 
Tf(a) ý- 

j6 Er 

The terms Aj(a) and EIR in the above equation are known from the intercept and the 

slope of the isoconversion plots respectively. Thus, by numerical integration of the left 

hand side of Eq. 4.8 and a numerical solution in respect to T, the temperatures to reach 

the specific conversions can be determined for a specified heating rate P. Back- 

substitution of the calculated temperatures to the initially determined regression lines 

of the isoconversion plots will give the respective reaction rates, thus allowing for a 

simulation of the cure at any heating rate. 
The same analysis can be applied for the isothermal cure, but now the reaction rates 
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can be directly estimated from the regression lines giving the reaction rate / conver§ion 

profile at different cure temperatures. Direct integration of Eq. 4.2 will give the times 

to reach specific conversions at each cure temperature. 

Although the above analysis can give with a relatively small amount of effort, a 

prediction of the cure state for any cure cycle, it is lacking of a scientific explanation of 

the way the data are treated. 

Table 4.2 Isoconversion datafor the dynamic cure ofRTM6 resin 

Isoconversion Slope Intercept Activation Energy (kJ/mol) 

0.05 -7200 7.45 59.86 

0.10 -6962 7.35 57.88 

0.15 -6893 7.47 57.31 

0.20 -6865 7.58 57.08 

0.25 -6833 7.65 56.81 

0.30 -6750 7.57 56.13 

0.35 -6720 7.57 55.87 

0.40 -6674 7.50 55.49 

0.45 -6597 7.35 54.85 

0.50 -6527 7.18 54.27 

0.55 -6548 7.16 54.44 

0.60 -6564 7.08 54.57 

0.65 -6654 7.13 55.33 

0.70 -6589 6.84 54.78 

0.75 -6750 6.92 56.13 

0.80 -7390 7.88 61.44 

0.85 -7655 8.08 63.65 

0.90 -8575 9.39 71.29 

0.95 -9311 10.23 77.42 
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In order to describe the reaction rate as the product of two independent phenomena, 

one incorporating the temperature influence in the form of Arrhenius; dependent 

reaction rate constants and the other the cure advancement as in Eq. 4.2, it is necessary 
that all the reactions involved be equally activated. This is true for an one-step 

reaction, but in the case of an epoxy - amine reaction, since catalysed and non- 

catalysed reactions do have different activation energies, the validity of this analysis is 

questionable. However, from the industrial point of view, the interest falls on how to 

predict the cure state and not whether the method used is always necessarily 

scientifically rigorous. Thus, this kind of analysis is of great interest and can be 

relatively easily applied in an industrial context. 

4.4 Semi-Empirical Cure Kinetics Modelling 

4.4.1 Isothermal Curing 

In the previous section, a cure kinetics prediction was made based on a direct analysis 

of the experimental results through the iso-conversion plots. As was indicated, this 

kind of analysis is lacking of a rigorous scientific background, as it does not relate the 

intermediate reaction steps that occur during an amine cure of epoxy resins. In Section 

2.4.1, the epoxy - amine reactions were thoroughly analysed and an expression was 

established that relates the reaction rate to the cure advancement (see Eq. 2.8). If the 

proposed mechanism also stands for the resin systems studied here, a plot of the left 

hand side of that expression, normalised by the factor (I - xE )2 , against xEshould give a 

straight line up to the point where the factor Hc starts to become significant. This kind 

of plot is shown in Figure 4.19 for the isothermal cure of RTM6 resin at 140'C. 

As can be seen in this figure, there is a deviation from linearity throughout the cure. 

The slope continuously increases up to the point where a maximum occurs and a 

sudden drop appears. The drop for conversions above 60% occurs because the factor 

Hc becomes significant as the reaction enters the diffusion stage. It is evident from the 

above analysis that the proposed reaction mechanism does not stand for this resin 
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system, thus, a more analytical cure mechanism has to be adopted. 
The generalised form of Eq. 2.8, which is given by Eq. 4.9, can compensate for the 

non-linearity of the plot in Figure 4.19. 

da 
dt = 

(kl+k2a') 
_ 
(, 

_, 
)n (Eq. 4.9) 

The reaction orders that appear in that expression can be varied in a manner that will 
definitely give a straight line up to the diffusion controlled region. Although this kind 

of adjustment of the parameters has no direct explanation in terms of the true reactions 

that take place, nevertheless, the fits obtained can be very good. 
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Figure 4.19 Plot of 
I dXE 

against xE for a cure ofR-7M6 resin at 140"C (see (I 
- XE 

)2 dt 

Eq. Z 8) 
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In order to construct a curve similar to the one given in Figure 4.19 for the new model, 

the kinetic parameters k,, k2, m and n have to be estimated. Since the expression in Eq. 

4.9 has four parameters to be estimated, three more conditions are required to obtain a 

unique solution. The first one arises from the total order of the reaction, r, which in our 

case can be represented by the sum of the partial orders, m and n, thus: 

r=m+n (Eq. 4.10) 

Total orders, r, between second and third order kinetics will be tried in this study. 

According to the technique introduced by Ryan and Dutta ("), the other two conditions 

can be met by selecting two specific points in the cure. The first one is the beginning of 

the cure (t = 0) and the second one is the point at the maximum reaction rate. 

Initially, when the reaction starts., the conversion, a, is zero, thus a=0. From this 

condition, the initial reaction rate according to Eq. 4.9 becomes: 

da 
k, (Eq. 4.11) 

dt 

From the second condition, at the maximum reaction rate, the differential of the 

d2a 

tT = 0. Differentiation of the expression that gives reaction rate has to be zero, thus w 

the reaction rate (Eq. 4.9) gives after some algebraic manipulation: 

Im n-kj-aý- +k2-r-ap-m-k2=0 (Eq. 4.12) 

where the subscript, p, refers to the value at the maximum reaction rate. 

The system of the above three equations along with the expression that gives the 

reaction rate can now be solved for a given value of the total order, r, to give a unique 

solution for the estimated kinetic parameters (see Appendix A). 

The solution of this system will be first tried for the isothermal cure of RTM6 resin, 
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using the isothermal DS C data at 140,160,170 and I 80'C. 

The first reaction rate constant, k,, can be directly estimated from the initial reaction 

rates according to Eq. 4.11. The values of the calculated reaction rate constant k, at the 

temperature range used are shown in Table 4.3. For this rate constant to have a direct 

correlation to any chemical phenomena occurring during the cure, it must follow an 
Arrhenius type dependence on temperature. The plot of the natural logarithm of k, with 

respect to the inverse of the absolute temperature is shown in Figure 4.20. As can be 

seen in this figure, there exist a linear dependence of ink, with 11T. The resulting 

correlation coefficient is W=0.999, indicating that Arrhenius behaviour is followed by 

the reaction rate constant k,. The estimated activation energy and pre-exponential 
factor of k,, as they were calculated from the slope and the intercept of the Arrhenius 

straight line, are: 74.690/mol and 4.5.106 mirf ' respectively. 

For the calculation of the rest of the kinetic parameters, a routine was written in the 

EXCEL spreadsheet format that solves the system of Eqs. 4.9 - 4.12 simultaneously for 

all the temperatures used. The routine takes as an input a fixed total reaction order, r, 

and a "guess" value for the reaction order , m. Using an iterative procedure, the best 

results were evaluated by minimising the differences between the input and estimated 

values of rn for all the temperatures. The estimated kinetic parameters along with the 

raw DSC data used are shown in Table 4.3. 

An Arrhenius plot was also constructed for the reaction rate constant k2, to check the 

dependence of that parameter on temperature. The plot is shown in Figure 4.20, 

demonstrating a linear dependence of ink2with the inverse of temperature, with a 

correlation coefficient: Rý = 0.999. The estimated activation energy and pre- 

exponential factor, as calculated from the slope and intercept of the Arrhenius straight 

line are: 5 8.3 7 kJ/mol and 1.3.10' min7' respectively. 



Chapter Four Cure Kinetics Modelliniz 117 

-1.0 
-1.5 

-zo 

-3.0 

-3.5 

-ALO 
45 

-5.0 

. 5.5 

-&0 

-6.5 '11t 
0.00220 0.00225 0.00230 0.00235 

IIT (IC-1) 
0.00240 0.00245 

Figure 4.20 Arrhenius diagram of the kinetic rate constants k, and k2of the kinetic 

model given by Eq. 4.9 for the isothermal cure of R7M6 resin. Analysis was done 

according to theRyan - Dutta method 

Some useful results can be extracted from the values of the reaction rate constants. 
Firstly, k2is higher than k, throughout the temperature range used, indicating that the 

autocatalytic epoxy - amine addition reaction proceeds faster than the non-autocatalytic 

epoxy - amine reaction. This is also indicated by the comparison of the activation 

energies of the two reactions. 
The lower activation energy of the autocatalytic reaction means that the energy barrier 

for that reaction to happen can be easily overcome by the high energy potential that is 

supplied to the system by the use of high cure temperatures. On the other hand, the pre- 

exponential factors of the two rate constants follow the opposite trend. The pre- 

exponential factor of k2is lower than the pre-exponential factor of k,. That means that 

the autocatalytic reaction has a lower probability to occur than the non-autocatalytic 

reaction. 
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Table 4.3 Kinetic resultsfrom DSC experiments of the isothermal cure ofRTM6 resin. 
Kinetic analysis by the Ryan - Dutta method on Eq. 4.9. 

Temperature k, Maximum Time at max Conversion at max k2 

(OC) (min-) rate t 
,P a P 

(Inin-) 

(min-') (min) 

140 0.0016 0.0102 81.29 0.439 0.0538 

160 0.0044 0.0229 35.84 0.474 0.1189 

170 0.0068 0.0328 23.94 0.461 0.1682 

180 0.0113 0.0479 16.28 0.477 0.2431 

Reaction Orders 

Rate Constant I Slope I Intercept 

k, 1 -8983 15.327 

k2 1 -7020 1 14.076 

Although this effect is easily overcome at the beginning of the cure, when the resin is 

liquid, by the lower activation energy, this might not be the case when the resin starts 

to solidify. At high cure temperatures, where the two rate constants start to become 

comparable (see Figure 4.20), the effect of the lower probability of the autocatalytic 

reaction may result in the inverse of the reaction mechanism, with the non- 

autocatalytic reaction being the dominant reaction. The result of such an inverse in the 

reaction mechanism might be more visible in the dynamic cure of the resin. In a cure 

cycle where the resin is heated at a continuously increasing temperature, the energy 

barrier for the two reactions (autocatalytic and non-autocatalytic) could be easily 

overcome for both of them. That means that the pre-exponential factor will play the 

major role, which in our case is in favour of the non-autocatalytic reaction. The fact 

that the reaction mechanism may change between isothermal and dynamic cure of 

Arrhenius Straight Lines 



Chapter Four Cure Kinetics Mo Iline 119 

thermosetting resins has been the centre of a lot of discussion in the past few years and 

has drawn the interest and comments of many researchers (148,10). A ffirther analysis on 

the subject of the dynamic cure will be made in the following paragraphs. 

To have an indication of the goodness of the fit of the above constructed model with 

the experimental results, plots of the reaction rates have been made against cure time 

for the four temperatures used in the analysis. The plots are shown in Figure 4.21. 
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Figure 4.21 Comparison between experimental data and kinetic model for the 

isothermal cure of RTM6 resin. Kinetic analysis made according to the Ryan -Dutta 

method. ne kinetic model used is given by Eq. 4.9 without the incorporation of 

diffusion control 

Since the above model does not compensate for the diffusion phenomena that are 

expected to occur as the resin passes from the rubbery to the glassy state, the fit starts 

to deviate from the experimental data for conversions approximately above 50%. In the 

range of conversions between 50 - 60 %, the resin is expected to gel, (theoretical 

gelation at 58% for a bifunctional epoxy - amine system), which means that the 
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rubbery state is reached at these conversions. Thus, the diffusion phenomena start to 

take control of the curing process, causing the diversion of the fit. In Chapter 6, 

diffusion will be incorporated in the model to compensate for this diversion. 

The evaluation of the parameters of this kinetic model (Eq. 4.9), was also made by 

another technique, which from this point forward will be referred to as the "Present" 

method (see Appendix B), in order to estimate the errors imposed by the evaluation 

method. The model given in Eq. 4.9, after some algebraic manipulation can be 

expressed according to the following expression: 

( da 

£n dt 
--kl =gnk2+m-£na (Eq. 4.13) 

where, r, is again the total reaction order. For an isothermal situation, a plot of the left 

hand side of the above equation in respect to ina will give a straight line with slope, m, 

and intercept, &k2. The reaction rate constant k,, can be similarly calculated by the 

values of the initial reaction rate, as in the method of Ryan and Dutta. A similar routine 

was written in the EXCEL spreadsheet format, as in the previous case, to evaluate the 

kinetic parameters k2, m, n, simultaneously for all the isothermal experiments. Since 

diffusion control is expected to occur for conversions above gelation, the evaluation of 

the parameters was made for conversion up until 55%. The results of the above 

evaluation procedure are shown in Table 4.4. The plot of the left hand side of Eq. 4.13 

against ina, for a cure at 160'C, is shown in Figure 4.22 for the computed parameters 

given in Table 4.4. The effect of the diffusion processes is evident from the sudden 

drop of the curve for conversions above 60% (ina; -- -0.5). 
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-2 
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Figure 4.22 Plot of the left hand side of Eq. 4.13, (Y in 
daldt 

-kl as a (1-a) r-M 

)I 

function of Anafor the cure ofRTM6 resin at 160'C 

An Arrhenius plot was constructed for the reaction rate constant k, to check the 

dependence of that parameter on temperature. The plot is shown in Figure 4.20. As it 

can be seen in this figure, there exist a linear dependence of k2 on temperature. The 

correlation coefficient is R' = 0.996. The estimated activation energy and pre- 

exponential factor, as they were calculated by the slope and intercept of the Arrhenius 

straight line are: 59.18 kJ/mol and 1.6-10' MM i` respectively. The results from the two 

methods are summarised in Table 4.5. Apart from the first reaction rate constant, 

which was calculated with the same method for both techniques, the other parameters 

show a very small deviation between each other. 

-5 -4 -3 -2 -1 0 
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Table 4.4 Kinetic resultsfrom DSC experiments of the isothermal cure ofRTM6 resin. 
Kinetic analysis using Eq. 4.13. 

Temperature (*C) Rate Constant k, (min-') Rate Constant k, (min-') 

140 0.0016 0.0531 

160 0.0044 0.1159 

170 0.0068 0.1587 

ISO 0.0113 0.2509 

Reaction Orders 

rMn 

2.5 1.202 1.298 

Arrhenius Straight Lines 

Rate Constant Slope Intercept 

k, -8983 15.327 

k2 -7117 14.284 

Table 4.5 Comparison of Ryan - Dutta and Present methods for the computation of 

the parameters of the model given by Eq. 4.9. Resultsfor the cure of RTM6 resin under 
DSC isothermal conditions. 

Method r m n El A, E2 A2 

(min-') (kJ/mol) (min-) 

Ryan - Dutta 2.5 1.216 1.284 74.69 4.5.106 58.37 1.3.106 

Present 2.5 1.202 1.298 

1 

74.69 4.5.106 59.18 1.6-106 

Although the results for both methods indicate that the use either of them should give 

essentially the same prediction, the computation effort that is needed to reach those 

results is different. Care has to be taken during the construction of the straight lines for 

the second method, since the initial points from the DSC data tend to destabilize the 
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results. The same problem was observed by Kenny who also implemented this 

technique for the evaluation of the kinetic parameters ("') . For that reason, it is better 

to construct the lines for conversions well into the cure. The accuracy of the second 

method seams to be better since it takes into account all the experimental data, whereas 
the Ryan - Dutta method uses only the initial and maximum points, disregarding what 
happens in between. 

Both these methods were applied to the other resin systems, in order to establish the 

appropriate pararneter set for each resin system that best describes the cure kinetics. 

Since results from direct isothermal DSC experiments were not available, data either 
from infrared spectroscopy or residual heat of reaction DSC experiments had to be 

used. These experiments do not give the reaction rate during the cure, but only the 

degree of conversion. Thus the conversion data had to be differentiated with respect to 

cure time in order to get the reaction rates. Finite differences were used along with 

polynomial interpolation for the numerical differentiation of the raw conversion data. 

The conversion data for the RMO and RM02 resin systems are shown in Figure 4.23 

and Figure 4.24 respectively, for the cure temperatures 130'C, 140'C, 150*C and 
160'C. The calculated reaction rates for the RMO and RM02 resin systems along with 

the fits from the Ryan - Dutta method are shown in Figure 4.25 and Figure 4.26 

respectively, for the cure temperatures of 140"C and 160'C. The calculated parameters 
from both evaluating methods are shown in Table 4.6 for both resin systems. The 

evaluation of the kinetic parameters was done for conversions up to 55% in order to 

avoid interference from diffusion processes that are expected to occur at higher 

conversions. 
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Table 4.6 Comparison of Ryan - Dutta and Present methodsfor the computation of 
the parameters of the model given by Eq. 4.9. Resultsfor the cure ofRMO and RM02 

resins under DSC isothermal conditions. 

Method r M n El A, E2 A2 

(kJ/mol) (min-) (kJ/mol) (min-) 

RMU Resin 

Ryan - Dutta 2.5 1.192 1.308 78.44 1.3- 107 57.88 9.1-10' 

Present 2.5 1.278 1.222 78.44 1.3.107 

1 

56.14 5.6.10' 

I RM02 Resin 

Ryan - Dutta 2*5 1.300 1.200 75.54 6.1.106 53.08 2.7-10' 

Present 

] 

.5 2.5 1.313 1.187 75.54 1.106 6. 54.68 4.3-10' 
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Figure 4.23 Fractional conversion versus cure time of RMO resin under isothermal 

cure 
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Figure 4.24 Fractional conversion versus cure time of RM02 resin under isothermal 

cure 
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Figure 4.25 Reaction rate versus cure time of RMO resin under isothermal cure. 

Symbols indicate experimental data, whereas solid lines indicate fits of Eq. 4.9 with 

parameters evaluated by the Ryan - Dutta method 
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Figure 4.26 Reaction rate versus cure time of RM02 resin under isothermal cure. 
Symbols indicate experimental data, whereas solid lines indicate fits of Eq. 4.9 with 

parameters evaluated by the Ryan - Dutta method 

A close look in Table 4.5 and Table 4.6 shows the similarity of the cure kinetics for all 

three resin systems. Comparable values have been evaluated for all the kinetic 

parameters. The activation energies fall in the same range of values deviating only 2-3 

U/mol from the average values of about 76 kJ/mol for the non-catalytic reaction and 

56 U/mol for the catalytic reaction. The same trend is observed for the reaction orders. 

All resin systems follow the same total order of 2.5 with the partial reaction orders 

being about the half of the total order. The similarity of the activation energies is 

indicative of the similarity of the reaction mechanism. All three resins are epoxy/amine 

systems, thus the main reactions during the cure should be the same for all of them. 

Deviation of the conversion profiles of these resin systems between each other is 

reflected in the different pre-exponential factors obtained during the evaluation 

procedure. The relative weight of each reaction to the total reaction is different for each 

0 20 40 60 80 100 120 140 160 180 200 
Time (rdn) 
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resin system, is proportional to the pre-exponential factor and depends on the 

individual chemical constituents used. Thus, although the epoxy resin used is the same 
(TGDDM), the use of different amine hardeners in various concentrations, is likely to 

favour some reactions more than others. 

4.4.2 Dynamic Curing at Constant Heating Rates 

In the previous section the kinetics models for the resin systems RTM6, RMO and 

RM02 were established for curing under isothermal conditions. Application of the 

same models to the dynamic cure of these resins is guaranteed to fail a priori because 

of the following reasons: 

narrow temperature range for which the kinetic parameters have been evaluated 

* empirical nature of the kinetic model 

* possible change in the reaction mechanism 

The failure of the model can be seen in Figure 4.27, where the cure of RMO resin 

under dynamic conditions at 5 and 20 "C/min has been simulated with the kinetic 

parameters evaluated by the Ryan - Dutta method, as these are given in Table 4.6. 

Although the fit of the model is reasonably good for the low heating rate of 5 'C/min, 

probably because of the low temperature window that is followed for this cure, the fit 

is well deviated for the 20 IC/min cure, especially in the area of the maximum reaction 

rate. 

A reevaluation of the kinetic parameters of the model of Eq. 4.9 is needed to achieve a 

better fit. The two methods described in the previous section for the isothermal cure are 

not applicable in this case, since we are under dynamic conditions (continuous 

changing temperature). Both these methods treat the reaction rate constants as 

unchanged throughout the cure, which is true under isothermal conditions, as these are 

functions only of temperature. Under dynamic cure, at each point into the cure, the rate 

constants will have a different value, since the temperature is changing. For this reason 

some other technique has to be used for the kinetic parameters evaluation. 
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Figure 4.27 Dynamic cure ofRMO resin at various heating rates. Fit was made using 

Eq. 4.9 and the parameters calculated by the Ryan - Dutta method (Table 4.5) 

As a first approximation, simple nth order kinetics given by Eq. 4.14 will be tried, as it 

is most probable that the autocatalytic nature of the curing reaction will not be 

significant under dynamic conditions. 

da 
= k(l - ay (Eq. 4.14) 

dt 

Eq. 4.14 after some algebraic manipulation leads to: 

in 
daldt 

fnA- 
EI 

(Eq. 4.15) 
(I-a)" RT 
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Figure 4.28 Plots of the left hand side ofEq. 4.15 against the inverse of temperature 
for the dynamic cure of RMO resin 

A plot of the left hand side of the above equation against the inverse of temperature 

will give a straight line with slope -EIR and intercept &, 4. Since the right hand side of 
this equation is independent of the heating rate, it is evident that plots like this will 
form a master curve if repeated at different heating rates. A plot like this is shown in 

Figure 4.28 for the dynamic cure of RMO resin at 5 and 20 *C/min. Apart from the 

non-linearity that is observed in this plots, there is an absence of a master curve, 
indicating that nth order kinetics is not followed from this resin system. However, for 

reasons of investigating the goodness of the fit that would have resulted from such a 

model, the data of the dynamic cure of RMO resin at the above heating rates were 

modelled. Linear regression was performed for the intermediate temperature range, 

where there exists some linearity for both heating rates. The results are shown in Table 

4.7 and the corresponding fits in Figure 4.29. 

5 TJMn 
20 *C(Mn 
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Figure 4.29 Fit of nth order kinetics of thefonn ofEq. 4.14for the dynamic cure of 
RMO resin. nefittingparameters are shown in Table 4.7 

Table 4.7 Kinetic parameters for nth order kinetics (Eq. 4.14) fitting of RMO resin 
dynamic cure 

Fitting model nA (sec-') E (kJ/mol) 

da 
= k(I - 

)n 2.12 
, 

8.3. lo22 236 
dt 

The fit obtained from nth order kinetics, although not strictly appropriate as indicated 

in the previous paragraphs, gives reasonable agreement with the experimental data. 

However, it has to be mentioned that the parameters obtained seem rather 

unreasonable, since the activation energy of 236 kJ/mol is way out of the normal 
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activation energies obtained for the epoxy/amine reactions (in the range of 50-80 

W/mol). To clarify this observation the multiple heating rate method of Kissinger "') 

and Ozawa (70) was applied. According to this method, for reactions following nth order 
kinetics, the expression that connects the applied heating rate with the temperature at 
the maximum reaction rate is: 

E, EI 
exp(_ 

M)) 
in fn og _ -- (Eq. 4.16) 

mE 
BE T. R T,, 

ý 

where fl is the heating rate, T is the temperature at the maximum reaction rate and A, 

E are the Arrhenius parameters. 

A plot of the left hand side of the above equation with respect to the inverse of the 

temperature at the maximum reaction rate will give a straight line with slope -EIR. This 

is shown in Figure 4.30 for the resin systems RTM6, RMO and RM02. The calculated 
Arrhenius parameters in Table 4.8 are almost identical indicating the similarity in the 

cure kinetics for all three of the resin systems. The range of activation energies falls in 

the same value range of the activation energies obtained by the isothermal method for 

these resin systems and more close to the activation energy of the autocatalytic reaction 
(see Table 4.5 and Table 4.6). 

A pplication of nth order kinetics with the Arrhenius parameters previously obtained 

gives the fit shown in Figure 4.31 for the RMO resin system cured at 5 'C/min with 

reaction order n=0.61. It is obvious that although the activation parameters are in the 

right range, nth order kinetics is not followed by this system. 
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Table 4.8 Arrhenius parameters for RTM6, RMO and RM02 resins by the Ozawa 

method (Eq. 4.16). 

Resin System A (min-') E (kJ/mol) 

RYM6 3.04-10' 59.14 

RMO 3.08-10' 59.98 

RM02 2.28-10' 58.51 

-9 

-10 

Co- 

RTM 6 
RMO 
RM02 

-12 
0.0018 0.0019 - 0.0020 0.0021 0.0022 

1 IT (K'l 

Figure4.30 Ozawaplotsfrom Eq. 436for the resin systems RTM6, RMO and RM02 
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Figure 4.31 Application of nth order kinetics on RMO resin cured at 5c'Clmin. 

Arrhenius parametersfrom Ozawa method (Table 4.8) and reaction order n=0.61 

Table 4.9 Kinetic parameters evaluated by non-linear regression analysis for the 
dynamic cure of RTM6, RMO and RM02 resins. Yhe kinetic model given by Eq. 4.9 

was used. 

Resin A, El A2 E2 m 

(set J/mo) mol) (sec (kJ/mol) 

RTM6 1.68- 104 74.69 2.15.104 58.37 0.869 1.390 

RMO 2.51-10' 78.44 1.42-105 57.88 1.204 1.656 

RM02 8.57-1 03 75.54 6.77.1 04 53.08 1.268 1.521 
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Figure 4.32 Cure kinetics simulation of RYM6 resin under dynamic conditions. Eq. 

4.9 was usedfor thefit with the parameters given in Table 4.9 

The above discussion on the failure of nth order kinetics to describe the cure kinetics of 

the investigated resin systems suggests that a multiple activated kinetic scheme has to 

be adopted. 

In the beginning of this section, the application of the kinetic model evaluated for the 

isothermal cure of the resin systems did not give satisfactory results. Reevaluation of 

the kinetic parameters of the model of Eq. 4.9, this time with the experimental data of 

the dynamic cure results in a better fit for all heating rates. The goodness of the fit can 
be seen in Figure 4.32 for the dynamic cure of RTM6 resin at various heating rates. 

The kinetic parameters were evaluated using non-linear regression analysis on the 

combined experimental data of all the heating rates used (see Appendix Q. The 

activation energies computed for the isothermal curing were kept unchanged, whereas 

the rest of the parameters were varied accordingly until the best fit had been achieved. 
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The set of the parameters that minimised the sum of the squared differences between 

experimental reaction data and predicted reaction rates was taken as the model- 

estimated set of parameters. The evaluated parameters are given in Table 4.9 for all 

resin systems. Comparison between the experimental data and the model prediction 

shows very good agreement over almost the whole range of the cure, apart from the 

end of the cure where some deviation is observed. This observation suggests that a 
different model should be used to accurately fit the experimental data throughout the 

cure. 
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Figure 4.33 Cure kinetics simulation of RTM6 resin under dynamic conditions. Eq. 

4.17 was usedfor thefit with the parameters given in Table 4.10 

4.4.3 Modified Kinetic Model 

The unsuitability of the model given by Eq. 4.9 to fit the experimental data for the 

entire dynamic cure of the investigated resin systems led to a modification of that 

model, in order to compensate for the observed deviation towards the end of the cure. 

The new expression is given by: 
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da 
= kl(I-a) n, +k2a'(1- a) n' (Eq. 4.17) 

dt 

Application of the above model, following the same evaluation procedure of non-linear 

regression (see Appendix Q, resulted in the fit shown in Figure 4.33 - Figure 4.35 for 

the RTM6, RMO and RM02 resin systems respectively. The kinetic parameters used 
for the fits are given in Table 4.10. The fits that were obtained by the modified model 

show a very good agreement with the experimental results throughout the cure and at 

all heating rates, justifying the use of Eq. 4.17 as the most appropriate cure kinetics 

model for these resin systems. 
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Figure 4.34 Cure kinetics simulation of RMO resin under dynamic conditions. Eq. 

4.17 was usedfor thefit with the parameters given in Table 4.10 
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Table 4.10 Kinetic parameters evaluated by non-linear regression analysis for the 

dynamic cure of RYM6, RMO and RM02 resins. ne kinetic model given by Eq. 4.17 

was used. 

Resin A, El A2 E2 m n, n. 

(sec') (kJ/mol) (see") (kJ/mol) 

I 

RTM6 2.60.104 74.69 5.78- 104 58.37 1.217 0.449 1.786 

RMO 4.24- 104 78.44 2.13-10' 57.88 1.668 0.519 2.221 

RM02 1.13 . 104 75.54 9.04.104 53.08 1.495 0.449 1.845 
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Figure 4.35 Cure kinetics simulation of RM02 resin under dynamic conditions. Eq. 

4.17 was usedfor thefit with the parameters given in Table 4.10 
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4.4.4 Cure Kinetics Modelling of 934 Resin 

In the previous sections, the cure kinetics of the resin systems RTM6, RMO and 
RM02 were investigated as a whole, since all three systems exhibit the same overall 

reaction mechanism. In this section the reaction kinetics of the last system, 934 resin, 

will be investigated. This system should follow a different reaction mechanism since it 

contains various catalysts which accelerate the arnine-epoxy and epoxy-epoxy 

reactions in various ways. The catalysts contained in the commercial 934 resin are in 

the form of BF3salts. In Section 2.2.2 a complete description of the way these catalysts 
interact with the reacting system was given. The catalytic nature of the reaction should 
in principle give rise to the non-OH-catalysed reactions. For that reason, a simple nth 

order reaction scheme was first applied to the isothermal experimental data of 934 

resin. The conversion profile of 934 resin cured under isothermal conditions at 130, 

140,15 0 and 160 'T is shown in Figure 4.3 6. 
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Figure 4.36 Conversion profile of934 resin under isothermal conditions 
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For a reaction that follows nth order kinetics (see Eq. 4.14), integration of the reaction 

rate under isothermal conditions will give: 

n-I 

=kt (Eq. 4.18) 
n-I 

A plot of the left hand side of Eq. 4.18 against the cure time t will give a straight line 

with slope k. These plots were constructed for the four temperatures used in this 

investigation. The reaction order n was varied accordingly until a straight line with the 

highest correlation coefficient W had been achieved. Combined results from all the 

isothermal experimental data were used in order to calculate a unique reaction order for 

all the cure temperatures. Data manipulation was made for levels of conversions up to 

50% in order to avoid interference with diffusion at the later stages of the cure. 
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Figure 4.37 Plots of the left hand side of Eq. 4.18 (= y) as a function of cure time at 

various temperatures for the isothermal cure of 934 resin. The right hand side axis 

indicates the level ofconversion 
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The plots from Eq. 4.18 are shown in Figure 4.37 and the computed parameters in 

Table 4.11. The Arrhenius dependence of the reaction rate constant was investigated by 

plotting tnk as a function of the inverse of the cure temperature. This plot is shown in 

Figure 4.38 and the calculated Arrhenius parameters in Table 4.11. 

Comparison of the evaluated parameters with the ones obtained for the cure of the 

other three resin systems (see Table 4.5 and Table 4.6), shows that there is a very good 

agreement between the activation energy of the cure reaction of 934 resin and the 

activation energy of the non-catalysed epoxylamine addition reaction of RTM6, RMO 

and RM02 resin systems. This observation suggests that the catalyst in 934 resin 
favours the non-OH-catalysed reactions. This catalysis is reflected in the conversion 

profiles of 934 resin (see Figure 4.36). Differentiation of these profiles will produce the 

reaction rate profiles, which are shown in Figure 4.39. As can be seen in this figure, a 

continuous decrease in the reaction rate at all cure temperatures is observed. This 

suggests that there is an absence of autocatalytic behaviour during the isothermal cure 

of 934 resin. The fit of the nth order kinetics model can also be seen in the same figure. 

The agreement between experimental data and model prediction is very good up to 

conversion of 50%, where deviation starts to appear because of diffusion limitations of 

the curing reaction. 

Table 4.11 Kinetic parameters for nth order kinetics (Eq. 4.14) of 934 resin cure 

under isothermal conditions. 

Temperature CC) 7-1 NO k (see) ink 

130 0.002481 0.006035 -5.1102 
140 0.002421 0.009719 -4.63367 
150 0.002364 0.01747 4.04725 

160 0.002309 0.027192 -3.60484 

Kinetic Parameters 

n A E (kJ/mol) 

0.298 1 2.34.107 1 74.03 
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Figure 4.38 Arrhenius plot of rate constant k of nth order kinetics of isothermal cure 
of 934 resin 
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Figure 4.39 Reaction rate during isothermal cure of 934 resin at various cure 
temperatures 
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Figure 4.40 Normalised reaction rate over the maximum reaction rate as afunction of 

the degree of conversion of the dynamic cure of 934 resin at various heating rates 

In the previous sections, the experimental results of the dynamic cure of 934 resin were 

presented and some preliminary remarks were made (see Section 4.2). The plots of the 

reaction rate during dynamic cure, as presented in Figure 4.9, show the appearance of 

multiple peaks. This suggests that a multiple activated reaction mechanism is followed 

during curing, thus simple nth order reaction kinetics is not applicable for this resin 

under dynamic cure conditions. In Section 4.2 it was suggested that the reaction 

mechanism might also change as the heating rate changes. To check Us, the 

normalised reaction rates over the maximum reaction rate attained at each heating rate 

were plotted as a fimction of the fimctional conversion and can be seen in Figure 4.40. 

As can be seen in this figure, there exists a master curve that describes the change of 

the reaction rate with the conversion except from the low conversion area, where this 

correlation breaks down. 
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The appearance of multiple peaks in the dynamic thermograms indicates a multiple 

reaction mechanism during the cure. In order to have an indication of the relative 

weight of each reaction to the overall reaction rate and to identify which reaction is 

responsible for the break down of the master curve, peak separation was applied to the 

experimental data of the dynamic cure of 934 resin. A Gaussian distribution was 

applied for the peak separation and the number of peaks was limited to four (see 

Appendix D). The result of the peak analysis for the heating rate of 5*C/min can be 

seen in Figure 4.41 and the evaluated parameters of the Gaussian distribution for each 

peak at all heating rates are given in Table 4.12. 
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Figure 4.41 Peak separation of the reaction rate profile of 934 resin under dynamic 

cure at 5*Clmin. Fourpeaks were identified using Gaussian distfibution 
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Table 4.12 Peak separation results of reaction rate of 934 resin cured under dynamic 

conditions at various heating rates. 

Heating Rate Peak Peak Height Normalised 

(OC/min) No Temperature (see-') Height over 

(OC) Peak C 

A 124.58 2.08E-04 1.55E-01 

5.0 B 149.80 3.80E-04 2.83E-01 

c 191.27 1.34E-03 I. OOE+00 

D 223.14 4.10E-04 3.06E-01 

A 129.29 2.95E-04 1.54E-01 

7.5 B 156.62 6.67E-04 3.48E-01 

c 197.99 1.92E-03 I. OOE+00 

D 230.99 5.92E-04 3.09E-01 

A 136.49 3.63E-04 1.44E-01 

10 B 164.31 9.46E-04 3.77E-01 

c 205.39 2.51E-03 I. OOE+00 

D 238.52 7.75E-04 3.09E-01 

A 140.12 5.33E-04 1.53E-01 

15 B 169.22 1.55E-03 4.45E-01 

c 209.44 3.48E-03 I. OOE+00 

D 244.03 1.11E-03 3.19E-01 

A 143.85 6.43E-04 1.44E-01 

20 B 174.81 2.19E-03 4.91E-01 

c 214.73 4.46E-03 1. OOE+00 

D 249.96 1.49E-03 3.35E-01 

In order to examine the relative weights of each peak the peak heights were nonnalised 

over the peak height of Peak C. The nonnalised results can also be seen in the same 

table. Close examination of these results shows that the peaks A, C, D have the same 
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contribution to the overall reaction rate at all heating rates, whereas Peak B has 

variable contribution. The weight of Peak B increases as the reaction rate increases, 

indicating that the reaction mechanism that is hidden under that peak depends on the 

heating rate. This observation matches the previous observation of the break down of 

the master curve in Figure 4.40. The conversion range where the break down was 

observed is in the temperature range of Peak B. 

The results obtained from the peak separation were finiher used to obtain the cure 
kinetics of 934 resin. The temperature dependence of each peak at all heating rates was 
investigated. The method used was the Ozawa method (see Eq. 4.16). The application 

of Eq. 4.16 to the peak temperatures gave the activation energies and the pre- 

exponential factors for each peak, thus the Arrhenius; parameters of the reaction rate 

constants for each reaction mechanism responsible for each peak were evaluated. 
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0.0016 O. WI8 0.0020 0.0022 0.0024 0.0026 
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Figure 4.42 Ozawa plots from Eq. 4.16 for 934 resin. Individual peaks were de- 

convoluted and the results are shown in Table 4.12 
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The Arrhenius plots for each reaction are shown in Figure 4.42 and the respective 

parameters in Table 4.13. From the above analysis it follows that the overall reaction 

rate for the dynamic cure of 934 resin can be written as a sum of four individual 

reaction rates, one for each peak previously identified. Using a simple nth order 

reaction scheme for each individual reaction, the overall reaction rate can be expressed 

as: 

da 
= LWiki(l-ai (Eq. 4.19) 

dt 

I 

Total i=I 

where W, is the relative weight of each reaction rate to the total. In order to evaluate the 

parameters of this model, the same non-linear regression technique was used as with 

the other models. The Arrhenius parameters in Table 4.13 were used in this model in 

order to evaluate the rest of the parameters (reaction orders ni and relative weights W). 

The results were evaluated from the combined experimental reaction rates at all heating 

rates. Variation of the relative weight of Reaction B was allowed, as this was changing 

with heating rate (see previous discussion). The evaluated parameters are given in 

Table 4.13. The relative weight W2was found to change linearly with the natural 
logarithm of the heating rate. The expression derived is shown in the same table. 

The fit of the model given by Eq. 4.19 with the kinetic parameters of the above table is 

shown in Figure 4.43 for the dynamic cure of 934 resin at 5'C/min. The individual 

reaction rates of the constituent reactions can also be seen in the same figure as 

separate plots. 
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Figure 4.43 Kinetic modelling of 934 resin cured under dynamic conditions at 

PCImin. Eq. 4.19 was usedfor thefit with the kinetic parameters shown in Table 4.13 

Table 4.13 Kinetic parameters evaluated by non-linear regression analysis for the 

dynamic cure of 934 resin. 

Arrhenius Reaction A Reaction B Reaction C Reaction D 

Parameters 

IIII 

Ei (kJ1m o 1) 88.11 79.16 102.42 102.93 

Ai (sec-1) 2.15 - 10' 2.64.1 07 1.55.109 2.81 - 10' 

ni 0.617 0.560 1.094 0.644 

Wi 0.035 - 0.586 0.255 

Relative weight factor W, 

W2 = 0.0302 + 0.04-in(, 6) 
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4.5 Mechanistic Cure Kinetics Modelling 

In the previous sections the cure kinetics of all the resin systems were investigated 

using phenomenological models. Although the results of the modelling were in very 

good agreement with the experimental data, it was not possible to relate any of the 

kinetic parameters obtained to specific chemical reactions taking place during the cure. 
Apart from the activation energies, which fall in the same value range with the 

activation energies f6und in the literature for the autocatalytic and the non-catalytic 

reactions, the rest of the kinetic parameters were just fitting parameters. In order to 

understand the reaction mechanism that is followed during the cure, a mechanistic 

model was constructed based on the available information on the different reactions 

that might take place during the cure. The model was specifically constructed to 

describe the reaction kinetics of the RTM6 resin from information on the chemical 
formulation of this resin and on the relative concentrations of the various constituents. 
This information was given in the description of this resin system in Section 3.1.2.4. 

This system is assumed to consist of a tetrafimctional epoxy resin (e. g. TGDDM) and a 

mixture of two diamine hardeners, A and B respectively. The proposed reaction 

mechanism for the cure of this epoxy/amine system is: 

* Non-catalysed reaction between primary amines and epoxides (primary amine, 

addition reaction) 

9 Non-catalysed reaction between secondary amines and epoxides (secondary amine 

addition reaction) 

4, Non-catalysed reaction between epoxides and hydroxyls (etherification) 

4o Hydroxyl-catalysed. reaction between primary an-dnes and epoxides (primary amine 

addition reaction) 

* Hydroxyl-catalysed reaction between secondary amines and epoxides (secondary 

amine addition reaction) 

* Hydroxyl-catalysed reaction between epoxides and hydroxyls (etherification) 
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The following symbols will be used to differentiate between the various reactive 

groups involved in the cure reactions: 

El = diepoxides with both epoxide groups unreacted (e) 

E2= diepoxides with one reacted epoxide group (e) 

A, = primary amine groups of hardener A (a) 

A2 = secondary amine groups of hardener A (a) 

B, = primary amine groups of hardener B (b) 

B2 =secondary amine groups of hardener B (b) 

OH = hydroxyl group (h) 

The symbols in brackets indicate the normalised concentrations over the initial 

concentration AO of the primary amines A, 

The symbol Kýýk will be used to express the various reaction rate constants. The 

superscript z and the subscripts ij, k take the following values: 

Superscript z 
0 for the non-catalysed reactions 

I for OH - catalysed reactions 

Subscript 

I for reaction of E, with other reactive groups 

2 for reaction of E, with other reactive groups 

Subscript 

=> I for reaction of A, or A2 groups of amine hardener A with other reactive groups 

=> 2 for reaction of B, or B2 groups of amine hardener B with other reactive groups 

Subscript 

=> I for reaction of A, or B, groups with E, or E2groups 
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=> 2 for reactionofA2or B2groups with E, or E2groups 

=> 3 for reaction of E, or E2groups with OH groups 

According to the above proposed reaction mechanism and using the nomenclature 

previously described, the rate equation for the consumption of the primary amine A, is: 

dA, 0 
dt =Kl"IIAIEI+K2011AIE2+Kl'lAIEIOH+K2', IAIE20H (Eq. 4.20) 

If we suppose that the rate constants of the reaction between A, and E, or E2 can 

depend on conversion but their ratio must not, that is: 

K10 2JI, 
_ 

K211 

16 
(Eq. 4.21) 

KI'l I Kjol I- 

then Eq. 4.20 becomes, after some algebraic manipulation: 

dA 101 
dt = AI(El +, 8E2XKIII + KIIIOH) (Eq. 4.22) 

In a similar way, the production rate of the secondary amines A2 can be written: 

dA2 0 
211AIE2 +Kll, AIEIOH+K2'11AIE20 

dt 
K1011AIE, +Ký. (Eq. 4.23) 
K101242E] -K212A2E2 -KI12A2ElOH-Kýl2,42E20H L 01 

Assuming that the amino groups are independent of each other and that the reaction 

rate constants in the reaction between primary amine with epoxide and secondary 

amine with epoxide can depend on conversion but their ratio must not, that is: 
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I vo KI 12 C'112 K' Ko 212 212 
vo 

(Eq. 4.24) 
11 K' K' 1 211 211 

then, the incorporation of Eqs 4.21 and 4.22 into Eq. 4.23 will give: 

y a, -a, (Eq. 4.25) 
Y-1 

By using a similar set of equations to describe the kinetics of the second amine 

hardener, B, and if we assume that the reactivity of the amine hardener B is 5 times 

that of the amine hardener A and that the initial primary amine ratio between the two 

amine hardeners is: 

-; i = 
Ilj 

(Eq. 4.26) 

then, the normalised concentrations of primary and secondary amine groups of 

hardener B will be given by: 

8 
ra (as 

- ay'5) 
r,, a, and b2 -- 

r-I 

The rate equation for the hydroxyl groups is: 

dOH 
Kjol I A, El + K2' '011AIE2 +K, ýJIAIE20H 

dt Z ý11AIE10H+K2 

(Eq. 4.27) 

1-0 + -l- 112 A2 El + K2012 A2 E2 + KI 12 
A2 El OH + Ký 12 

A2 E2 OH (Eq. 4.28) 

2, BIEIOH+K221BIE20H +KI21BIEI +K2021BIE2 +Kj I 0 

+K]022B2E] +K222B2E2 +Kl22B2ElOH+Ký22B2E20H 01 
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By using the above equations and integration, the expression for the normalised 
hydroxyl concentration becomes: 

h= ho +2(1+ra)- 
r 

[(2y-l)a, 
-a, y +r, (2y-I)a8-r,, ay&5] (Eq. 4.29) 

where ho is the initial concentration of OH groups normilised over . 4,0. 

In the same way, if we suppose that the ratio of the rate constants between the 

etherification reaction and the primary amine addition is constant, that is: 

K1 VO 0 j 
203 

K203 
103 l'103 Kl 

(Eq. 4.30) 
Kj, 1 Klo� - KýI, KýI, 10 

integration of the rate equation for the consumption of epoxide groups, will give: 

X= 
eo 

(q) 
- Cla, - qa, 7 - C3a, '5 - C4ar'5 - Cfnal) (Eq. 4.3 1) 

where: x= epoxide fractional conversion given by x= 
EO -E where EO is the initial 

EO 

epoxide concentration and E is the concentration of epoxide groups at time t 

e. = initial epoxide concentration E., norinalised over A, ' 

CO ý- Cl + C2 + C3 + C4 

(2r 
- ])(I - 
r-, 

C2 = 
E-Y 

7(7-1) 

7 r, 
(2y 

-1) C3 +"-r, 
7-1 5 (y 
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C4 r. (y 

r 9(r -1) 

=6 
[h, +ýI+r, CS 

The expression that connects the concentrations of the individual epoxide groups E, 

and E., is given by: 

1-, 6 

e2 el6] (Eq. 4.32) 
,, 

]-, [el 

-( 20) 

Since: E= 2E, + E2, the fractional conversion of epoxide groups can also be written 

as: 

x=]- 2e, +I 
[ej-(50-ý -'6e1,6]1 

(Eq. 4.33) 
eo 812, 

)l 

Eqs. 4.31 and 4.33 can be numerically solved in respect to a, and e,, for a given 

conversion x. These values can then be used to obtain the concentrations for the other 

reactive groups as given by the above described expressions. 

Using the above equations for the concentrations of the various reactive groups, the 

rate expression for the epoxide consumption can be written as: 

dx 
= 

(a, +y a2+gbl+y gb2+--hXel+, 6e2)(L+L'h) (Eq. 4.34) 
dt 

0 (A]0)2 

where: L= 
Al' 

Kjoll and L' = KI'll 
eo eo 
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The main expressions that describe the kinetics of RTM6 are Eqs. 4.25,4.27,4.29, 

4.31 - 4.34 . These equations contain seven parameters that constitute the input of the 

kinetic model. These parameters are: 

" Parameter ho: initial hydroxyl concentration 

" Parameter r,,: initial primary amine, B/ primary amine A ratio 

" Parameter eo: initial epoxy groups / primary amine A ratio 

" Parameterfl. reactivity ratio of mono-reacted diepoxide to unreacted diepoxide 

" Parameter r. reactivity ratio of secondary amine to primary amine 

" Parameter 6. overall reactivity difference between amine, A and amine, B 

" Parameter - reactivity ratio between etherification reaction and primary amine 

addition reaction 

Parameter ho was set equal to zero since the initial concentration of hydroxyls in a resin 
is usually very low. Parameter r,, was given in Section 3.2.1.4 and is equal to 0.62. 

From the overall epoxy groups / amino-hydrogens ratio r (r = 0.85, see Table 3.3) and 

r, parameter eo can be calculated and is equal to 2.74. The rest of the parameters were 

evaluated using non-linear regression analysis and simultaneous solution of the system 

of the kinetic equations. 

The evaluation procedure was as follows: 

1) Initial guesses of the parameters 8, y, J, c 

2) Solution of Eqs. 4.31 and 4.33 for a given conversion x in respect to a, and e, 

respectively 

3) Substitution in the rest of the kinetic equations to obtain a2, b,, b2, e, h 

4) Repetition of steps 2-3 for all conversions at all temperatures 

5) Rearrangement of Eq. 4.34 into the form: 

dxl(al+y 
a2+45ý+r 6b2+EhXel+, 8e2) = L+Lh (Eq. 4.35) 

dt 
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and detennination. of L, L' by linear regression of the left hand side of the above 

expression over h 

6) Determination of expected reaction rate 
7) Calculation of the sum of squared differences between experimental reaction rate 

and calculated reaction rate at all times and temperatures 

8) Non-linear regression to give new estimates of parameters, 6, y, 15,6 
9) Repetition of steps 2-8 for the new estimates and termination when the sinn of 

squared differences between experimental reaction rate and calculated reaction rate 

at all times and temperatures became minimum 
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Figure 4.44 Fit of mechanistic kinetic model to experimental data from isothermal 

DSC runs of RTM6 resin at 140 and 160"C Kinetic parameters are given in Table 

4.14 in thefree estimation section 
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The experimental data from the isothermal DSC runs at 140,160,170 and 180 'C were 

used in the above evaluation. The estimated parameters are given in Table 4.14 and the 

fit of the model for the isothermal cures at 140 and 160 *C is given in Figure 4.44 as 

plots of the overall epoxide consumption rate against cure time. The fit is very good up 

to the maximum reaction rate, where deviations start to appear because of diffusion 

limitations. This was expected since no diffusion control was introduced in the model. 
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Figure 4.45 Fractional consumption or production of reactive species against the 

overall epoxide conversion during the isothermal cure of RYM6 resin at 160'C 

Results from the application of the mechanistic kinetic model with the kinetic 

parameters given in Table 4.14 in thefree estimation section 

The concentration profiles of the individual reactive species are given in Figure 4.45 

for the cure at 160'C as plots of consumption or production of the individual species 

against fractional conversion of epoxide gToups. These were calculated as follows: 
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" Primary amine A, consumption: Fractional consumption over the maximum 

number ofA, which is A, ' 

" Secondary amine A2production: Fractional production over the maximum number 

ofA2that could be produced, which is Af 

" Primary amine B, consumption: Fractional consumption over the maximum 

number of B,, which is B, ' 

" Secondary amine B2production: Fractional production over the maximum number 

ofB2that could be produced, which is Bf 

" Unreacted diepoxide E, consumption: Fractional consumption over the maximum 

number of unreacted diepoxides, which is EO/2 

" Mono-reacted diepoxide E2production: Fractional production over the maximum 

number ofE2that could be produced, which is EO/2 

Hydroxyl OH production: Fractional production over the maximum number of OH 

that could be produced, which is 2(Af+B, ý 

Some preliminary remarks can be made by studying the plots in the last figure. Both 

primary (A,, B) and secondary (42, B2) amine consumption is incomplete and so is the 

epoxide (E,, E2) consumption. This is expected, since the reaction is hindered due to 

diff-usion limitation that stop the reaction before completion. The amine consumption 
is also in lower overall levels because of the higher initial amounts of these species in 

the reactive system. The secondary amines increase in concentration in the initial 

stages of the cure because of the faster reaction between primary arnines and epoxides 
in respect to the secondary amine/ epoxide reaction. At a level of about 40 to 50% 

epoxide conversion, the secondary amines start to disappear faster than they are 

produced, showing an overall reduction in concentration. This reduction starts at about 
60% consumption of both the primary amines. The absence of the etherification 

reaction, which was depicted by the very low value of the parameter -, can also be seen 
in this figure. The hydroxyl production (H) follows a linear dependence on the epoxide 

conversion. If the etherification reaction was present, then the epoxide would have 

been consumed without any change in the net concentration of the hydroxyls; during 

etherification, one hydroxyl group is consumed and immediately another one is 
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produced. The absence of etherification was expected, firstly because the amines are in 

excess and secondly because of the low cure temperatures. 

Table 4.14 Kinetic parameters of mechanistic kinetic modelfor the isothermal cure of 
RTM6 resin. 

Free Estimation 

he I e, I r. 1 61 
'y 

1 5 6 

01 -2.74 1 0.62 1 1.75 1 1.64 1 1.37 6.10' 

Activation Energies (kJ/mol) 

Autocatalytic Reaction Non-Catalytic Reaction 

54.62 74.57 

Bounded Estimation (, v: 5 0.5) 

ho e, r. 1 61 y1 5 

0 2.74 0.62 1 2.29 1 0.5 1 0.98 

Activation Energies (kJ/mol) 

Autocatalytic Keaction __ I Non-Catalytic Reaction 

55.53 79.88 

Another interesting aspect of the above analysis is the high value of the parameter r, 

which refers to the different reactivities between the amino hydrogens in the primary 

and the secondary amines. If the reacýivities were equal then this parameter should 

have been equal to 0.5 since there are two hydrogens in the primary amine compared to 

the secondary amine where only one exists. In the literature there is evidence that a 

negative substitution effect is operative between primary and secondary amines 

that means that this parameter should be lower than 0.5. This is true for a reaction 

between a bifunctional epoxy with amines. In our case the epoxy resin is 

tetrafunctional. That means that cyclisation reactions are very likely to take place (see 

Section 2.2.2). These kinds of reactions were not included in the above analysis 
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because the analytical solution of the differential system would have been very 
difficult if not impossible. Despite that, it is certain that the secondary amines would 
have a higher reactivity than usual because of the ease of the cyclisation reaction. 

0.0004 
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r. 

0.0002 

0. OWI 

0.0000 

Figure 4.46 Fit of the mechanistic model on the isothermal data ofRTM6 resin at 140 

and 160 'C ne kinetics parameters used are given in Table 4.14 in the bounded 

estimation section 

To take into account the cyclisation without disturbing the differential system, the 

parameter y was allowed to take higher values, that is to exhibit a positive substitution 

effect (y > 0.5). To verify this, the evaluation of the model was repeated, this time 

keeping the parameter r below 0.5. The results are given in Table 4.14 and the 

produced fit in Figure 4.46. As can be seen in this figure, the fit is not very good even 

at low conversions, implying that this parameter has to take higher values. Although 

the incorporation of cyclisation in parameter r is not mathematically correct, it was the 

only way to compensate for it. 

0 20 40 60 80 100 120 140 160 180 200 
Time (n-dn) 
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The mechanistic model, as presented in the above paragraphs, is described by two 

different activation mechanisms, one for the non-catalytic reactions and one for the 

hydroxyl-catalysed reactions. These two different activated mechanisms are 

represented by the factors L and L'respectively (see Eq. 4.34). 
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Figure 4.47 Arrhenius plots ofL, L'parameters qfEq. 4.34for the isothermal cure of 

RTM6 resin 

The Arrhenius dependence of these parameters is shown in Figure 4.47 and the 

activation energies in Table 4.14. The values obtained are comparable with values 

from the literature for epoxy/amine cure and are also comparable with the previously 

calculated values for these kinds of resin systems (see Table 4.5, Table 4.6 and Table 

4.10). Calculation of the true pre-exponential factors was not possible because both the 

parameters L and L' contain the absolute value of the initial concentration of the 

primary amines A, ', which is unknown. 



Chapter Five 

5. Glass Transition Advancement During Cure 

In the previous chapter the chemical kinetics during the cure of all the resin systems 

were investigated and adequate models were constructed in order to predict the 

chemical changes during the cure. In a thermoset cure, the advancement of the reaction 

affects the structure of the developing three dimensional network in a unique way for 

each reactive system. This network is highly correlated to the chemical constituents of 

the resin system and the reaction path that is followed during the cure. The conditions 

that are applied during the curing of the resin, usually different temperatures, affect the 

development of the network in a unique way. The most sensitive property of the 

material that reflects the structure development during the cure is the glass transition 

temperature (Tg). This chapter, describes the development of expressions, that will 

allow us to predict the changes in the Tg of the resin during the cure. Correlation of the 

T. changes with the chemical composition of the resin and the degree of conversion 

will be used as a tool for the model development. 

5.1 Experimental Results of Tg Measurements 

The Tg advancement during the cure of all the resin systems studied was investigated 

according to the method described in Section 3.2.1.4. The profile of this advancement 

at different cure temperatures for all resin systems is shown in Figure 5.1 - Figure 5.4 

as plots of Tg against cure time. The arrows drawn in the figures indicate the 
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vitrification points at each cure temperature as these are defined by Tg = T,,,,. As can be 

seen in these figures the final Tg is different at each cure temperature. This is a result of 

the diffusion control, which becomes significant after the vitrification point has been 

reached. The reaction is hindered because of structural limitations, which become more 

pronounced at low cure temperatures, where the energy supplied to the curing system 

is lower. The shape of the plots follows a similar trend with the conversion profiles 

(see Section 4.4.1), indicating the high correlation between these two properties. Any 

changes in the cure advancement have a direct impact on the Tg of the resin. An 

observation that was made during the evaluation of the Tg and the conversion at the 

later stages of the cure was the accuracy of the measurement. The endothermic. shift at 

the Tg region is easily depicted by the DSC, whereas the residual heat of reaction is not. 

This makes the determination of the T. more accurate than the calculation of the 

conversion at these stages of the cure. 

The interrelation between T. and cure advancement can be seen in Figure 5.5 - Figure 

5.8, where the cure advancement has been plotted against the glass transition 

temperature. The one to one relationship that exists is evident by the master curve that 

is formed. For all resin systems, there exists a unique master curve, independent of the 

cure temperature, that is followed throughout the cure. The significant scatter in the 

data at the later stages of the cure is attributed to the lower sensitivity of the DSC to 

measure the level of conversion compared to the sensitivity of the Tg measurement. 

The relationship between Tg and conversion has the form (see Section 2.3): 

E, F,, F,, ) 
Tgoa 

Tg = Tgo+ 
F, 

(Eq. 5.1) 

a 

where a is the conversion at the glass transition temperature Tg, To is the glass 

transition temperature of the uncrosslinked prepolymer, E., IE.,, is the ratio of lattice 

energies for the crosslinked and uncrosslinked polymer and F"IF. is the 

corresponding ratio of segmental mobilities. 
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Figure 5.1 Glass transition temperature profile of RTM6 resin at different cure 
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It has been found that the ratio (E., IE,.,, )I(F,, IF 
.. 
) can be determined from the 

following equation 
(152) : 

E, IE,, Tg,,,, 

F IF Tg 0 
(Eq. 5.2) 

where Tg.,, is the maximum attainable glass transition temperature of the fully cured 

resin. Incorporation of this equation into Eq. 5.1 will give: 

Tg = Tgo + 

(T, 

- Tg"), z a 
where A= -L. (Eq. 5.3) 

1-(l-A)a F,, 

The above equation can be used to model the Tg7conversion relationship by treating A 

as an adjustable parameter. The results from the application of Eq. 5.3 to the 

experimental data for all resin systems are given in Table 5.1 and the corresponding 
fitting results in Figure 5.5 - Figure 5.8. 

Table 5.1 Results ftom the application of Eq. 5.3 to model the Teconversion 

relationshipfor all resin systems. 

Resin To ro T9. (00 A 

RTM6 -11 206 0.435 

RMO -11 208 0.677 

RM02 -21 193 0.847 

934 7 208 1.000 
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Figure 5.5 Plots offtactional conversion versus Tgfor the cure ofRTM6 resin. Yhe 

fit was produced by Eq. 5.3 
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If the curing reaction was chemically controlled, that is if there are no contributions 

from diffusion control, the reaction rate can be expressed as: 

da 
= k(T) - f(a) (Eq. 5.4) 

dt 

where k(7) is the reaction rate constant, which is a function of temperature andAq) is 

some function of conversion. Integration of the above expression at constant 

temperature and taking the natural logarithm will give: 

a (f da_ 
in 

0 
7(a)) = ink(T) + int (Eq. 5.5) 

The left-hand side of this expression is a fimction only of conversion, or if we consider 

the one-to-one relationship between conversion and T., a fanction only of Tg. Thus: 

F(Tg) = ýnk(T) + int (E. q. 5.6) 

Since the function F depends only on Tg, for the cure at two different temperatures, T, 

and T2, it follows that: 

F(Tg) = ýnk(Tj) + ýntj = tnk(T2) + ýnt2 

MA -EI+ int, = inA -EI+ int2 (Eq. 5.7) 
R T, R T2 

E(I 
--l 

int2 
- tnt, 

R T2 fl. 

) 



Chapter Five Glass Transition Advancement During Cure 169 

210 
9 130 IIC 
A 140 OC 

170 A 
0 i5o 11C 

A 

130 * 160 OC 00 

90 0 A 
0 

so 

0 
10 A 0 

-30 J 
2 3456 

In(Time) (min) 

Figure 5.9 Plots of T. against the natural logarithm of cure time for the isothermal 

cure ofRM02 resin at different cure temperatures 
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What the above means is that the cure tirnes to reach a specific Tg during the cure at 
two different temperatures differ by a constant amount, S(Y), on a logarithmic scale, 

which is equal to: 

S(T) = 
E( 1 

__lj (Eq. 5.8) 
R T2 Fl 

) 

To demonstrate this, the experimental data on Tg of RM02 resin have been plotted as a 
fimction of cure time on a logarithmic scale. The plots are shown in Figure 5.9. It is 

obvious from these plots that a horizontal shift of the curves relative to a reference cure 

temperature (e. g. 1301C) will make them superimpose to a master curve up to the 

vitrification point, since above that point the cure is not chemically controlled. The 

master curve produced by the horizontal shift of the curves relative to the 130'C data is 

shown in Figure 5.10. The shift factors used have been plotted in Figure 5.11 as a 
fimction of the differences between the inverse of the cure temperature and the inverse 

of the reference temperature. According to Eq. 5.8, this plot should give a straight line 

with a slope equal to EIR. 

The activation energy for the curing reaction, as calculated from the slope of the 

Arrhenius plot in Figure 5.11, is 60kJ/mol. The existence of a master curve for the Tg 

development and the Arrhenius; dependence of the shift factors on temperature suggest 

that this resin system follows one overall reaction mechanism with a single apparent 

activation energy ("') . This contradicts the results obtained from the reaction kinetics 

in the previous chapter, where two activated reaction mechanisms were obtained. The 

explanation for this discrepancy lies in the form of the expression used to describe the 

correlation between Tg and conversion (see Eq. 5.3). Although there exists a one-to-one 

relationship between these two properties, that does not mean that this relationship is 

linear. These two properties are related by a proportionality function only, and only 

when the parameter A in Eq. 5.3 is equal to 1. Then, this expression can be written as: 
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T= Tgo+ (Eq. 5.9) 9 
(T, 

- Tgo)a 

which expresses a linear dependence of Tg on conversion. Thus, any change in 

conversion has a similar effect on Tg. For the RM02 resin, this is not the case. The 

parameter A is equal to 0.847 (see Table 5.1), thus the proportionality law does not 
hold. The above can be demonstrated easily by plotting conversion as a function of the 

natural logarithm of cure time. These plots are shown in Figure 5.12 for the isothermal 

cure of the above resin at different cure temperatures, horizontally shifted to produce a 

master curve. It is evident that these curves cannot be superimposed accurately at low 

conversions. At these conversions, the autocatalytic reaction mechanism is in control. 
If the curves were shifted to superimpose at these low conversions, then the high 

conversion data would had deviated from the master curve. At these high conversions, 

the non-catalytic reaction mechanism is in control. 
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Figure 5.11 Arrhenius plot of the shififactors, S(Y), used to construct the master 

curve in Figure 5.10. Yhe reference temperature was 130'C 
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However, this is not the case for 934 resin. As demonstrated in the previous chapter, 

this resin follows a single activated reaction mechanism (nth order kinetics) under 
isothermal conditions. This means that there should be a proportionality law describing 

the relation between Tg and conversion for this resin. 

Indeed, the results of the fit of Eq. 5.3 on the experimental Tg data support this. The 

parameter A was calculated to be equal to I (see Table 5.1), thus plotting conversion 

against the natural logarithm of cure time should produce a master curve. This is 

shown in Figure 5.13. A master curve is followed for all cure temperatures. Deviations 

start to appear above the vitrification point, where the reaction is not chemically 

controlled but diffusion controlled. 

From the above discussion it follows that Eq. 5.4 does not hold for all resin systems. 
What it does hold however is that: 

dTg 
:- k(T)f(Tý) (Eq. 5.10) 

dt 

since the Tg advancement follows a single activated mechanism for all resin systems. 

The above expression 'suggests that the Tg development should be treated in a 

completely different way than the reaction kinetics. Reaction kinetics are influenced by 

the chemical constituents of the reactive system, the possible interactions that can be 

established between them and the relative distances between the various reactive 

species as these are determined by the positions that they hold in space during the 

development of the three dimensional 'network. From the other hand, Tg seems to be 

influenced only by the structural configuration of the forming network itself and not by 

the possible reactions that can lead to this network. 
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Chapter Six 

6. Diffusion Limitations of Cure Kinetics 
In the previous chapters the reaction kinetics were investigated for all resin systems in 

the chemically controlled region. The reactions were treated as being influenced only 
by the applied temperature and the chemical formulation of the reactive system. This is 

true only in the early stages of the curing reaction, where there is not any three 

dimensional network formed. As the cure progresses, this network starts to form, 

limiting the probabilities of the various reaction to happen and eventually freezing 

them as the vitrification point is reached. From the above, it seems reasonable to 

assume that a structural parameter has to be introduced in the expressions describing 

the reaction kinetics to account for the limiting factor of structure development in 

them. In the previous chapter, Tg was found to be a very sensitive parameter of the 

changes in the developing network. For that reason, T. will be used as the limiting 

factor in the reaction kinetics and mathematical expressions will be developed to 

express the influence of Tg on the cure kinetics. 

6.1 Mathematical Representation of Diffusion Control 

The curing reaction, as discussed above, involves two different mechanisms: pure 

chemical reactions and reactions controlled by the diffusion of the reactive species 

through the reactive mixture. Thus, the reaction can be visualised as the product of two 

parallel mechanisms: chemical reaction and diffusion controlled reaction. The 
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parameter that controls the rate of reaction is the reaction rate constant, ki, which, if we 

use the nomenclature of two parallel mechanisms occurring simultaneously, can be 

expressed as 
(154) : 

111 
(Eq. 6.1) kdiff,,, 

i,,, 

In the above expression, is the apparent rate constant, is the rate constant 

of the chemically controlled reaction and is the rate constant of the same 

reaction this time controlled by diffusion. Whilst the chemical rate constant follows an 

Arrhenius temperature dependence, this is not the case for the diffusion rate constant. 

Since diffusion is a measure of the structure development, it must follow the changes 

both in T. and in cure temperature. Two general expressions have been suggested for 

the mathematical representation of kdjff., ý,,, which from now on will be represented by 

kd. These expressions are: 

Rgpresentation (154) : 

kd 
-'ý 

kdo exp 
Af) 

(Eq. 6.2) 
f 

Parameter kdo follows an Arrhenius dependence of the form: 

C) 

kdo 
= -4d exý_ _Ed (Eq. 6.3) TT 

where Ed is the activation energy for diffusion and T, is the cure temperature. 

Parameter b in Eq. 6.2 is treated as an adjustable parameter. Parameter f in the same 

equation represents the equilibrium free volume given by the expression: 
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0.0004qT, - Tg) + 0.025 (Eq. 6.4) 

By taking the natural logarithm of both sides of Eq. 6.2, we get: 

ýn(kd) = in(kdo)-b 
I 

(Eq. 6.5) 
f 

A plot of the left hand side of the above equation against Lywill give a straight line 

with slope -b and intercept tn(kd, ). Repetition of this procedure at different 

temperatures will give the Arrhenius parameters of Kd, from the intercepts previously 

obtained. 

Rr, presentation B (") - 

An alternative expression for the diffusion rate constant is a modification of the 

Williams-Landel-Ferry equation (see Section 2.5): 

q(T -T) in(kd) = in(kdo)+ cg (Eq. 6.6) 
q+(TC-Tg) 

where C, and C2are adjustable parameters. 

Both of the above representations have Tg as parameter in order to adjust the reaction 

kinetics accordingly to the structure developed up to that point. 

These expressions will be used in the following sections to describe the reaction 

kinetics of all the resin systems in the diffusion controlled region. 
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6.2 Development of Kinetic Modelsfor the Diffusion Controlled Region 

The first attempt of diffusion modelling was made for the isothermal cure of 934 resin, 

since this resin follows a simple nth order reaction mechanism. 

Table 6.1 Diffusion parametersfor the isothermal cure of 934 resin 

Cure Temperature 

(TI / 11c) 
in(kdo) b b Average 

130 0.7872 0.1115 

140 1.1106 0.1152 0.1134 

150 1.6153 0.1136 

160 0.1618 0.0721 

Arr heniuS Darameters of k- 

Ad(see') I Ed(kJ/mol) 

10-1 1 58.57 

The values of kdwere obtained by substituting the rate constant with the expression 

given in Eq. 6.1. The best values of kd that fitted the experimental data for conversions 

above 50% were taken as the estimated diffusion rate constants at each conversion 

level. The results for all temperatures are shown in Figure 6.1 as plots of the natural 

logarithm of kdas a function of 1ýf Thef values were calculated according to Eq. 6.4 

with Tg values obtained from the T. - Conversion relationship obtained in the previous 

chapter (see Eq. 5.3 and Table 5.1). The parameters of the best fitted straight lines, 

calculated using Eq. 6.5, are given in Table 6.1. As can be seen from the values given 

in this table, the results obtained at the first three cure temperatures follow the same 

trend. The parameter b is apparently constant for curing between 130 to 150 OC, 

whereas at 160 'C parameter b has a different value. For that reason, the ATrhenius 

parameters, calculated by Eq. 6.3, were based on the results obtained for the first three 



Chapter Six Di&sion Limitations of Cure Kinetics 17a 

temperatures. The value of b was also taken as the average value for these three 

temperatures. The results are shown in Table 6.1. The fitting of the complete model 
(incorporating diffusion control) is shown in Figure 6.2 as plots of the fractional 

conversion against cure time for various temperatures. As can be seen, the fitting is 

very good throughout the cure, even for the 160'C cure, the results of which were not 
incorporated in the calculation of the diff-usion parameters. 

The above method was also applied to estimate the diffusion rate constants for the cure 

of the other resin systems. Since diffusion depends on the three dimensional network 

that is formed during the cure, the rate constant kd was taken as the same for all the 

reaction mechanisms that occur during the cure of a resin. Thus, for the cure of the 

resins, RTM6, RMO and RM02 the overall reaction rate constants can be written as: 

+ kd (Eq. 6.7) 

with the subscript i indicating the kind of reaction; in our case either autocatalytic or 

non-catalytic. What became apparent during the calculation of the kdvalues of the 

above resin systems was that the results were not following a trend similar to the one 

obtained for 934 resin. Apart from RM02 resin, which gave straight lines for the 

dependence of inkdon 1ý(, the other two resins were following a more complicated 

dependence of inkdon Iýfthan a simple linear dependence. The results are shown in 

Figure 6.3 and Figure 6.4 for the resins RTM6 and RM02 respectively. 
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This finding made the use of Eq. 6.5 impossible. For that reason, the diffusion 

parameters for these resins were calculated as the best fit values from the application of 

non-linear regression to the experimental results (see Appendix Q. The estimated 

parameters, as calculated by that method, are given in Table 6.2 for all the resin 

systems and the produced fits in Figure 6.5 - Figure 6.7 as plots of the fractional 

conversion against the cure time. The activation energies obtained by this method do 

not show any particular correlation to each other, something which was expected as 

these are best fit values and are not based to any particular equation. 
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Figure 6.5 Fit of kinetic model (Eq. 4.9) incorporating diffusion control for the 

isothermal cure of RTM6 resin 
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In the implementation of diffusion in the cure kinetics models that were developed in 

Chapter 4, the focus was concentrated in the structural development during the cure. 
The expressions that were used in the above analysis are based on the free volume 

changes during the cure progress, since that property is the key factor influencing the 

diffusivity of the reactive species through the reactive resin matrix. The derived 

diffusion expressions, compensate for the free volume changes through the 

incorporation of the glass transition temperature of the resin. Changes of the structure 

of the resin during the cure, thus of T. have a direct effect on the free space available 
between the produced molecular chains. That free space will regulate the ability of the 

reactive species to diffuse through the resin matrix and subsequently react with each 

other and will also determine the mobility with which the reactive species will diffuse. 

Therefore, knowledge of the diffusion parameters of the curing reactions and especially 

of the activation energy for diffusion, are critical issues for an accurate deterniination 

of the cure kinetics of thennosetting resins. 

Table 6.2 Diffusion parameters for the isothermal cure of RTM6, RMO and RM02 

resin systems. 

Cure Temperature Resin System 

CC) F RTM6 
I 

RMO RM02 

Parameter b 

130 0.23 0.14 0.12 

140 0.25 0.17 0.13 

150 0.26 0.17 0.25 

160 0.29 0.18 0.45 

Arrhenius parameters of diffusion 

A,, (sec7) 6.5.10'8 I-loll 3.5- 1 o27 

E. (Ulm o 1) 136 236 200 



Chapter Seven 

7. Viscosity Advancement During Cure 

In this chapter the viscosity profiles of the resin systems will be investigated. The 

transformation of a resin system from the initial liquid state to the crosslinked structure 

of the end product, has as a result a continuous change in the viscosity of the curing 

resin. Because of instrumentation limitations, the viscosity of the curing resins was 
followed up to gelation, the characteristic point in the cure where the resin transfonns 

from the liquid to the rubbery state. The influence of the cure process (cure 

temperature) and the continuous change in the structure of the resin will be used to 

produce appropriate mathematical models that can simulate the development of the 

viscosity profiles of all resin systems during cure. 

7.1 Mathematical Representation of Viscosity Model 

In Section 2.5 a number of mathematical expressions were given, mostly 

phenomenological in nature, that have been used extensively to simulate the viscosity 

changes during the cure of thern osetting resins. During an isothermal cure, the 

viscosity of a thermoset will increase continuously as a result of the extension of the 

molecular chains and the crosslinks that develop between them. As the point of 

gelation is reached, the increase in viscosity becomes very high because of the 

formation of joint macromolecules extending throughout the resin mass. Thus, in a 

viscosity vs cure time plot, the sudden increase in viscosity will mark the onset of 
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gelation with the actual gelation usually occurring a few minutes after the onset has 

been reached. The viscosity profile given in Figure 7.1 is the profile obtained from an 
isothermal cure of RTM6 resin at 140"C and represents a common viscosity profile 

obtained from an isothermal cure of an epoxy resin system. As seen in this figure, the 

actual gelation region represents only a very small time period in the overall curing 

procedure. Thus any time in this region will represent the actual gelation time to a very 

good degree of accuracy. For reasons of reproducibility of the results, on gelation times 

and for comparison between different cure temperatures and resin systems, the time 

needed to reach a viscosity value of I OkPas will be taken here as the gelation time. 

14000 

12000 
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to 
> 
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2000 
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FigureM Viscosity profile of RTM6 resin cured isothermally at 140"C 

The most commonly used mathematical expression to model viscosity data as appears 

in the literature is the Williarns-Landel-Ferry (WLF) equation, and especially for 

thermoset cure, a modified WLF equation, given by (56) : 

0 20 40 60 80 100 120 
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re T 
in 

Cl (T. 
g 

(Eq. 7.1) 
77g q+ Tcure - 

Tg 

In the above expression 17 is the apparent viscosity at time t, i7g is the viscosity of the 

fully cured resin, T,,,, is the cure temperature and Tg is the glass transition temperature 

at time t. The parameters C, and C2 are usually treated as adjustable parameters 

depending on the resin system under investigation. 

The form of Eq. 7.1 has been found to be very adequate to model the viscosity 

advancement during cure. Apart from the exponential nature of this expression, that 

makes it appropriate to follow the exponential growth of viscosity, the parameters C, 

and C2 can be varied in such a manner to always give values which produce a very 

good fitting to the experimental viscosity data. In the following sections, this 

expression will be used to model the viscosity data obtained from the rheology 

experiments for our resin systems. 

7.2 Viscosity Modelling ofRTM6, RMO and RM02 Resins 

The viscosity profiles of the isothermal cure of the resin systems RTM6, RMO and 

RM02 at various cure temperatures, as obtained by the rheological technique 

described in Section 3.2.3, are shown in Figure 7.2 - Figure 7.4. All profiles exhibit the 

usual shape of a thermosetting resin isothermal cure (see Figure 7.1). Thus, the use of 

Eq. 7.1 to model the viscosity advancement during the cure should be appropriate for 

all resin systems. 

The parameters that have to be evaluated are the constants C, and C2. In order for the 

evaluation procedure to be more effective, the expression given by Eq. 7.1 had to be 

transformed to the form: 

-C, fn t7 ýn 77g 
-q-I (Eq. 7.2) 

TI. - T9 

or, by substituting: 
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X, I 
and X2=- 

1 
(Eq. 7.3) 

-tnq re-T 
fn Y7 g T" g 

to the form: 

I= qxl + qX2 (Eq. 7.4) 

The expression given by Eq. 7.4 makes possible the use of multiple linear regression 

analysis to obtain the parameters C, and C2by treating the variables X, and X2as the 

independent variables. 

The values of the independent variables X, and X2can be easily obtained from Eq. 7.3, 

since all the variables involved are known; 77 is the experimentally obtained viscosity, 

T... is the temperature of the experiment and Tg is the glass transition temperature, 

which can be easily obtained using the models developed in Chapter 4 to describe the 

Tg advancement for all the resin systems (see Eq. 5.3). The value of i7g was taken from 

values obtained from the literature ("). The value chosen for 77g was 10" Pas. 

The application of Eq. 7.3 and Eq. 7.4 to model the experimental data of the isothermal 

cure of RTM6 resin at 160'C produced the fit shown in Figure 7.5. The calculated 

parameters C, and C2 had the values 45.46 and 68.72 respectively. The observed 

deviation of the fitting from the experimental data suggests that some modifications 

need to be made to the model. The modified model that was used has the form: 

in 77 Cl 
(T. 

re - Tr - 
Tg) 

(Eq. 7.5) 
77g C2 + Tcure - Tr - 

Tg 

where T is a reference temperature, which can be treated as an adjustable parameter. 

This form of viscosity model has been used successfully by Gillham and co-workers (64) 
. 
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Figure 7.5 Application of Eq. 7.3 and Eq. 7.4 to model the experimental viscosity 
data of the isothermal cure of RTM6 resin at 160'C 
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In a similar manner with the expressions given by Eq. 7.3 and Eq. 7.4, the 

transformation of the new model can be written as: 

or: 

X1, 
I 

and X2' =I (Eq. 7.6) 
-tnq re-T -T in r7 g 

TI. 
rg 

1= C-lXlt+qX21 (Eq. 7.7) 

The application of Eq. 7.6 and Eq. 7.7 to the experimental data of RTM6, RMO and 
RM02 resin systems resulted in the fittings shown in Figure 7.6 - Figure 7.8. The 

improvement of the fitting is evident from these figures. The simulation of the 

viscosity advancement is very successful up to gelation. 
The calculated values of the parameters C,, C2and T, were found to depend on the cure 

temperature. The plots of the reference temperature T, against the cure temperature and 

the plots of the natural logarithm of the parameters C, and C2against the inverse of the 

absolute cure temperature are shown in Figure 7.9 - Figure 7.11 respectively. These 

plots indicate a linear dependence of T, on cure temperature and that of &C,, &C2on 

the inverse of the absolute temperature. The best fitted lines for all the parameters and 

for all our resin systems are given in Table 7.1. 

Table 7.1 Best fit values of parameters T, C, and C2 of Eq. 7.6 and Eq. 7.7 for 

viscosity modelling ofR TM6, RMO and RM02 resin systems 

Resin 

T (*C) r 

Best fit Hnes 

in C, &C, 

-5.485 + 3562-T' 

-5.964 + 3617-T' 

-1.120 + 1602-T' 

RTM6 -145 + 1.239-T,, 2.908 + 291.8-T' 

AMO -162 + 1.289-T,,,, 3.120 + 185.0-T' 

AM02 -196 + 1.243-T... 3.502 + 9.644-T' 
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Figure 7.6 Application of Eq. 7.6 and Eq. 7.7 to model the experimental viscosity 
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Some deviation from linearity exists for the cure of RM02 resin. To have a better 

insight into the way the evaluated parameters reflect the differences in structure 
between the different resin systems, viscosity was plotted against Tg advancement for 

all resins. These plots are shown in Figure 7.12 - Figure 7.14. 

It is evident from these plots that viscosity converges to a unique Tg value at gelation 

point. At a specific Tg, the viscosity is higher at lower cure temperatures. As the cure 

progresses, the differences in viscosity between different cure temperatures at specific 
T. values become smaller and the curves slowly converge to a unique T. value at 

gelation. The approximate Tg values at gelation and the corresponding conversions for 

all resins are given in Table 7.2 along with the cure times to reach gelation at each cure 

temperature. 

A close inspection of these values reveals that for the RM02 resin system gelation 

occurs at a conversion level of about 80%, which corresponds to aT ,, of about 144'C. 

This value of Tg indicates that the cure has already reached the vitrification point for 

the two low cure temperatures (130 and 140 *Q. Thus the cure has become diffusion 

controlled prior to gelation. This could explain the diversion from linearity that was 

observed for the estimated parameters of the viscosity model for that particular resin 

system. 

Table 7.2 Characteristic points at gelation for the isothermal cure of RTM6, RMO 

and RM02 resins 

Resin Gelation Time (t,,, / min) getTg (, C) ag" 

1301C 1401C I 1501C 1600C 1700C 

R TM6 95 61 40 26 94 0.59 

RMO - 117 72 48 32 105 0.62 

RM02 215 132 87 56 - 144 0.80 
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7.3 Viscosity Modelling of 934 Resin 

The viscosity profile of the 934 resin at various cure temperatures is shown in Figure 

7.15 as plots of the natural logarithm of viscosity against the cure time. Comparison of 

these plots with the viscosity profiles of the other resin systems (see Figure 7.6 - Figure 

7.8) reveals some differences between them. Apart from the slow increase in viscosity 

at the later stages of the cure and especially towards gelation, there is a different trend 

in the viscosity increase at the beginning of the cure. At low conversion levels, 

viscosity follows a logarithmic growth rate up to approximately 5- 10 % conversion. 
Above that point, viscosity increases following the normal exponential growth rate. 

As mentioned in Section 3.2.1.2, isothermal DSC experiments were also made for 934 

resin, but since it was impossible to draw a proper baseline for the integration of the 

isothermal DSC thermogram, these isothermal runs were not used in the development 

of the kinetic models in Chapter 4. Instead, the conversion profiles and the subsequent 
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kinetic analysis were based on experimental results from FTIR and residual heat of 

reaction experiments. Despite the fact that the isothermal DSC runs were not used in 

the kinetic analysis, they exhibited a characteristic phenomenon in the thermogram; a 

sudden drop in the heat evolution approximately at 5-10% level of conversion. The 

sudden drop in the reaction rate observed in the isothermal DSC experiments was not 
depicted from the FTIR and the residual heat of reaction DSC experiments. A 

comparison between viscosity and heat evolution calculated from the isothermal DSC 

experiments can be seen in Figure 7.16 for the isothermal cure at 150'C. This figure 

shows that at the point where the heat evolution rate exhibits a sudden change, 

viscosity shows an inflection point. This observation suggests that at this point of the 

cure there should be a change in the reaction mechanism. Although this was not 

considered in the previous discussion on the reaction kinetics of this particular resin 

system (see Section 4.4.4), the combined results of viscosity and isothermal DSC 

experiments imply that a more careful analysis need to be made. 

10 

400"P 

8 
0 
0 

60 
IL 

0 
4 

09 130 IIC 

>2A 140 OC 
C 150 11C 

0 160 OC 

-2 
0 10 20 30 40 50 60 70 80 90 100 

Time (min) 

Figure 7.15 Plot of the natural logarithm of viscosity against cure time for the 

isothermal cure of 934 resin at various cure temperatures 
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The different viscosity profile that was obtained for the isothermal cure of 934 resin 

can be seen more clearly in Figure 7.17. In this figure the natural logarithm of viscosity 

has been drawn as a function of the Tg at various cure temperatures. It can be seen that 

the approach to gelation does not follow a sudden increase in viscosity as was the case 

with the other resin systems. Instead, there is an almost linear increase in viscosity with 

Tg, which makes the determination of gelation a rather difficult task. However, for 

reasons of comparison, gelation was also determined as the point where viscosity 

reaches a value of I OkP as (see Table 7.3). 

Table 7.3 Characteristic points at gelation for the isothennal cure of 934 resin at 

various cure temperatures 

Gelation Time (tg,, / min) I Tg CC) I ag" 

130'C I 140"C I 150'C I 160'C 

87 1 51 1 30 1 18 1 100 1 0.47 

For comparison purposes, Eq. 7.6 and Eq. 7.7 were applied to model the viscosity 

profile of 934 resin. The resulting fittings are shown in Figure 7.18 and the calculated 

parameters T, C, and C2 in Figure 7.19 and Figure 7.20 as plots against cure 

temperature for T, and inverse of absolute cure temperature for C, and C2. These 

parameters were also found to follow a linear dependence on temperature, with the best 

fitted lines given in Table 7.4. 

Table 7.4 Best fit values of parameters T, C, and C2 of Eq. 7.6 and Eq. 7.7 for 

viscosity modelling of 934 resin system 

T, (°C) An C, AC2 

-137 + 1,096-T,, 1 3.240 + 251.5-T' 1 2.785 + 724.1- 
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Figure 7.18 Application ofEq. 7.6 and Eq. 7.7 to model the experimental viscosity 
data of the isothermal cure of 934 resin at various cure temperatures 
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Figure 7.20 Plot ofparameters C, and C2of Eq. 7.5 against cure temperature for 

the isothermal cure of 934 resin at various cure temperatures 

The majority of results obtained here suggests that the rheological technique used in 

this study was very sensitive in the changes that occur during the cure of the epoxy 

resins investigated. It enable us to identify the gelation region during the isothermal 

cure and predict, via the use of a modified WLF equation, the viscosity advancement 

as the resin transforms from the viscous liquid state to the rubbery state. The viscosity 

profiles and gelation times evaluated here will be used in Chapter 8 as a comparison to 

the results on gelation and viscosity by the dielectric cure monitoring technique. 



Chapter Eight 

8. Dielectric Cure Monitoring 

In this chapter, the results from the dielectric experiments will be presented. The 

changes in the dielectric response, that occur during the cure of the resin under 
isothermal conditions will be investigated. The structural changes and the phase 
transitions will be correlated to distinctive changes in the dielectric signal and 

mathematical expressions will be constructed to describe them quantitatively. 

8.1 Dielectric Signal Interpretation 

The experimental set-up used for the dielectric measurements permitted the direct 

measurement of the real and imaginary part of the complex impedance of the resin (See 

Section 3.3). In order to apply the theory described in Section 2.7.11 for direct 

evaluation of the state of the cure, the evaluation procedure of the dielectric response 
has to concentrate on the contribution of the migrating charges to the overall signal. 
Since the dielectric response of the Migrating charges can be represented by an 

equivalent parallel R-C circuit, the characteristic maximum of the imaginary part of the 

complex impedance in the frequency domain, can be directly attributed to the 

resistivity of the curing resin (see Section 2.7.11, Eq. 2.84). 

A representative output of the dielectric response is shown in Figure 8.1, which 

accounts for the isothermal cure of RTM6 resin at 140"C and 22 minutes into the cure. 
The characteristic peak appearing in this plot is the one which should be attributable to 
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the migrations of any charged quantities within the resin. To verify the above 

assumption, an appropriate reconstruction of the dielectric response has to be made, 
that accurately simulates the true signal of the curing resin. Some of the mathematical 

expressions given in Section 2.7.11 will be retrieved for that purpose. 
The imaginary impedance of a parallel R-C circuit can be expressed as: 

C , OcR2 zil 2C2 2 (Eq. 8.1) 
I+ co R 

By taking the logaritluns of both sides of the above expression and using the 

expression: 

5.5 
slope -1 

4.5 
9.. 0. E 

N 

3.5 - 0. 

slope I 

2.5 
-1 01234567 

logf (Hz) 

Figure 8.1 Imaginary impedance vs frequency for the isothermal cure of RTM6 

resin at 140'Cfor 22 min. Dotted lines represent the schematic representation of 

straight lines that intersect the Abgfaxis at 4P. 
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w= 21rf (Eq. 8.2) 

the following equation can be obtained: 

fogZ" = &ý27rCR 2)+ toe - ioýl +4 '72 f 2C2R 2) (Eq. 8.3) 

The first derivative of this expression with respect to togf is: 

d&gZ" 
= 1-2 

4Z2 f 2C2 R2 
(Eq. 8.4) 

d&gf 1+4 '72 f2 C2R 2 

As discussed in Section 2.7.11, for a parallel R-C circuit, the imaginary impedance has 

a maximum at a characteristic angular frequency co: 

11 
- or f, = (Eq. 8.5) 
RC 27rRC 

Substitution of the characteristic frequency into Eq. 8.4 yields: 

dfogZ" 
= 1-2 

(ýf"-) 

(Eq. 8.6) 
d, ogf ,2 

1+ 7f"-) 

So, the plot of &gZ" against fo&f will have a slope that will be given by Eq. 8.6. The 

visualisation of the slope changes in the frequency domain can be easily exploited if 

we consider frequencies well above and well below the characteristic frequency. At 

that range of frequencies we get: 
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slope stý -I for f >> f, 

(Eq. 8.7) 
slope ; ý- I for f << f, 

Thus, in the frequency domain and on a logarithmic scale, togZ" can be represented by 

a peak, that intersects the &gf axis at an angle of 45' from either side. 
The above are demonstrated graphically in Figure 8.1. In this figure, the imaginary 

impedance of the isothermal cure of RTM6 resin at 140'C has been plotted on a 
logarithmic scale as a function of the logarithm of frequency. The dotted lines drawn 

on the same figure represent linear extrapolation of the data at frequencies well above 

and well below the peak frequency. These have a slope of -1 and I respectively. 

The above discussion supports the idea that the peak observed in the togZ" vs togf 

plot can be related to an equivalent parallel R-C circuit, which in turn represents 

contributions from migrating charges within the resin. One more thing that has to be 

cleared in order to attribute the observed peak to migrating charges, is the sudden 
increase in the signal at frequencies well below the peak frequency. As discussed in 

Section 2.7.8, the dielectric signal is strongly affected by conductivity contributions, 

especially at low frequencies. This effect can lead to a strong electrode polarisation, 

which will increase the measured values by a high order of magnitude (10'x or 10'x). 

The equivalent circuit that was given in Section 2.7.6 (see Figure 2.13) compensates 
for electrode polarisation effects by the two extra capacitors placed in series at both 

sides of the circuit. The impedance of a pure capacitor can be written as: 

Zý =I or tpgZý=-tpg2; rC-ipe (Eq. 8.8) 
wc 

The plot of &gZ" against togf will give a straight line with slope -1. A schematic 

representation of such a plot is shown in Figure 8.1 , appropriately shifted in order to 

coincide with the data of the RTM6 cure shown in the same figure. 

It is evident from all the above, that the responses of the parallel R-C circuit (migrating 

charges) and pure capacitor (electrode polarisation), if combined appropriately, will 
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give a very good approximation of the true dielectric signal obtained for the cure of 

any resin system, at least in the range of frequencies where the distinctive peak 

appears. 

Thus, the observed peak in the iogZ" vs togf plot can actually be attributed to the 

contribution of the migrating charges within the resin. 

8.2 Cure State Prediction by Dielectric Measurements 

In Figure 8.2, the imaginary impedance, obtained for the isothermal cure of RTM6 

resin at 140"C, is plotted as a function of frequency at various time intervals into the 

cure. The characteristic peak observed in all these plots changes its position throughout 

the cure. In the initial stages of the cure, the peak appears at high frequencies and 

exhibits - low impedance values. As the cure progresses, that peak moves to lower 

frequencies with a continuous increase in magnitude. If we consider the analysis given 
in section 8.1, the peak magnitude is directly related to the resistivity of the curing 

resin. In the initial stages of the cure, where the resin is still in the liquid phase, the 

resistivity is low, thus the imaginary impedance has to be small in magnitude. Also in 

this liquid state, the migrating charges are easier to move and follow the changes in the 

polarity of the alternating electric field at high frequencies. That explains why the peak 

appears at high frequencies at the beginning of the cure. As the cure progresses and the 

material starts to solidify, the resistivity of the resin rises and the migrating charges 

become hindered. The difficulty in the movement of these charges is reflected in the 

appearance of the peak at lower frequencies, where the polarity of the field changes 

slowly, giving time to the migrating charges to align with it. 

The reflection of the changes that occur during the cure in the intensity of the peak can 

be visualised more easily by plotting the logarithm of the imaginary impedance at the 

peak as a function of the cure time. Such a plot is shown in Figure 8.3 along with the 

plot of conversion at the same cure temperature, in order to have a better view of any 

correlation that might exist between changes in the imaginary impedance and changes 

in the conversion level. 
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Figure 8.2 Plot of the logarithm of imaginary impedance as afunction offrequency 

at different time intervals into the cure for the isothermal cure of RTM6 resin at 
140'C 
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Figure 8.3 Plot of logarithm of imaginary impedance values at the peak against 

cure timefor the isothermal cure of RTM6 at 140'C Fractional conversion is also 

plottedfor comparison. . 
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The comparison of these two curves suggests that there should be a direct correlation 

between the changes in the imaginary impedance and the changes in the level of 

conversion. The trend of the two curves is similar throughout the cure and if using an 

appropriate scaling factor for fogZ" the two curves should superimpose. The simplest 

way to demonstrate this is to plot both &gZ" and conversion as relative changes 

between the minimum and the maximum values attained for this particular cure cycle. 

Such plots are shown in Figure 8.4 for RTM6 resin cured at 140 and 160'C. 
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Figure 8.4 Plots of the relative changes of fogZp" and conversion between the 

minimum and maximum values attained during the isothermal cure of RTM6 resin 

at 140 and 160'C, asfiinctions ofcure time. 

This figure shows that by monitoring the relative changes in the peak intensity of the 

imaginary impedance versus frequency plots, the changes in the conversion level 

during the cure can be approximated to a very good degree of accuracy. The 

application of the above procedure for conversion determination by impedance 

measurements to the other resin systems produced the curves shown in Figure 8.5 - 
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Figure 8.7 for isothermal cures of RMO, RM02 and 934 resins respectively. The 

maximum level of conversion reached at each dielectric experiment was determined by 

the maximum degree of conversion obtained by the other thermoanalytical techniques 

for the same cure temperatures. The resulted curves show very good agreement with 

the conversion results obtained with the other thermoanalytical techniques (DSC and 

FTIR). Some deviations occur, especially at low cure temperatures, in all the 

experiments, which can be attributed to a slow heat up as the temperature of the resin 

was approaching the cure temperature. The estimated elapsed time to reach equilibrium 

was 10 to 12 minutes. Temperature variations during the dielectric experiments can 

also be responsible for the observed deviations. In particular, the exotherm produced 

during the dielectric experiments was about 10 - 20 *C higher than the applied cure 

temperature, which of course accelerated the cure reaction. These exotherms, which 

were minimum for the uncatalysed resin systems (RTM6, RMO and RM02), are more 

likely to have produced the observed deviations between the cure level obtained by 

dielectric experiments and the cure level obtained by DSC and FTIR experiments. 

Despite the difficulty of a direct correlation between the cure levels obtained by 

dielectric and FTIR experiments, mostly because of the above mentioned temperature 

control problems, the shapes of the curves are similar. The dielectric response of the 

curing resin can actually follow the different kinetics of the different resins 

investigated. In Chapter 3, the resin systems investigated in this study were separated 

into two categories; those following autocatalysis (RTM6, RMO and RM02 resins) 

and those not following autocatalysis (934 resin). The autocatalysis effect can be 

identified by the appearance of an inflection point in the conversion profile. A close 

inspection of the conversion profiles given in Figure 8.5 - Figure 8.7 reveals that RMO 

and RM02 resins do give an inflection point in the conversion profile, whereas 934 

resin does not. The inflection point is evident in the conversion profiles obtained by 

both techniques (FTIR and Dielectrics). 
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Figure 8.5 Plots offractional conversion during the isothermal cure of RMO resin 

at various temperatures, as afunction of cure time. Symbols represent experimental 

resultsfrom FTIR experiments and solid lines resultsfrom dielectric experiments. 
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Figure 8.6 Plots offractional conversion during the isothermal cure of RM02 resin 

at various temperatures, as afunction of cure time. Symbols represent experimental 

resultsfrom F-7YR experiments and solid lines resultsfrom dielectric experiments. 
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Another interesting point in the conversion profiles obtained by the impedance 

measurements is the appearance of a 'hump' in the early stages of the cure. For a better 

visualisation of that characteristic effect, the imaginary impedance values at the 

characteristic peak of the isothermal cure of RMO resin at 140'C have been plotted in 

Figure 8.8 as a function of cure time in the early stages of the cure. The change in the 

rate of increase of the imaginary impedance up to about 25 minutes into the cure in a 

continuous fashion marks that characteristic area and is observed in all the impedance 

measurements for all the resin systems studied. 
At that stage of the cure, the dielectric signal is affected by two distinctive phenomena. 

The first one is the increase in the resin temperature and the second one is the wetting 

of the dielectric sensor. Since all the experiments were started after the resin had 

reached an equilibrium at 750C, the quick heat up of the resin to the cure temperature 

will produce a drop in the resin viscosity and as a consequence a drop in the resistivity 

of the resin. That will affect the imaginary impedance values in a similar way; the 

value at the characteristic peak will drop. The effect of the temperature increase can be 

seen in Figure 8.8. The first three points in that plot are indicative of a temperature 

increase. Although the resin temperature is expected to increase even after that point 
(temperature equilibrium after 10 - 12 minutes), the drop in the impedance values is 

masked by the second effect, the wetting of the sensor. The viscosity of the resin is 

affecting the wetting of the sensor; lower viscosity produces better wetting of the 

sensor. Since the inter-electrode spacing of the particular sensor is about 15gm, better 

wetting will produce an evenly shaped resin film on top of the sensor, free of any 

empty or partly resin occupied spaces. That will produce an increase in the imaginary 

impedance as a consequence of the increase of the amount of resin in contact with the 

sensor. Another effect of the increase of the resin temperature or similarly the decrease 

in the resin viscosity, is the increase in the blocking layer thickness. As mentioned in 

Section 2.7.9, lower viscosity or higher temperature have as an effect the accumulation 

of an increasing amount of charged moieties at the resin/electrode interfaces, which are 

responsible for the blocking layer effect. As the resin approaches temperature 

equilibrium, the thickness of that layer will increase with a decreasing rate until the 
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point of equilibrium where it will stabilise. The thickness of that layer affects the 

dielectric signal; the thicker the blocking layer the higher the impedance values. 

Although there are not any experimental results that would help us to separate the two 

phenomena, as a general rule we could say that: 

9 At the beginning of the experiment a decrease in the imaginary impedance should 

be expected, because of the increase in temperature; 

9 As the temperature increases, a point is reached where the wetting of the sensor and 

the blocking layer effect become more significant and an overall increase in the 

signal is observed; 

9 The increase in the imaginary impedance values continues with a decreasing rate 

until temperature equilibrium is reached; 

9 In the region of thermal equilibrium, the effect of the curing reaction becomes 

operative and a further increase in the imaginary impedance will occur, reflecting 

the kinetic characteristics of the resin. 

8.3 Cell Constant Calculation 

If we consider that a resin can be expressed as a simple R-C parallel circuit, then the 

application of a sinusoidal voltage of the form: 

V(t) = Vo exp(jw t) (Eq. 8.9) 

will result in a time-dependent current which can be expressed as: 

I(t) = yv(t) (Eq. 8.10) 

where Y is the admittance of the system. 
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t 

Figure 8.9 Electric field produced from a plane capacitor. Die lines offlux are 

represented by the arrows. 

For a R-C parallel circuit, the total admittance is: 

I 
Y= -+jo)c R 

(Eq. 8.11) 

If we also assume that the applied electric field is perpendicular to the resin, as that 

produced from a parallel plate capacitor (see Figure 8.9), then the complex dielectric 

constant of the resin can be expressed as: 

c* =y=1+c= 
C-i 1 

(Eq. 8.12) 
. 

jwCo jcoRC, 0 Co Co oRC, 0 

or, by separating real and imaginary parts: 

8, =c and -" =I (Eq. 8.13) 
CO 

ý 
co R Co 

In the above expressions, CO is the air capacitance given by: 

Co = coK (Eq. 8.14) 

------------- -- 
(- 
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where v, is the permittivity of the free space. K is the cell constant, which can be 

expressed as: 

K= (Eq. 8.15) 

where S is the effective surface onto which the field is applied and L is the length of 
the lines of flux. In the case of the plane capacitor, S will be the surface of one of the 

electrodes and L the distance separating them. 

electrode 

Figure 8.10 Electricfield produced by two consecutive electrodes of the Dek-Dyne 

sensor, separated by a distance di 

This however is not the case for the dielectric sensors used in this study. The fringing 

field that is produced (see Figure 8.10) will affect the measurement. The manufacturer 

of the sensors, in order to compensate for the curvature of the electric field, has 

produced some calibration formulae that correct the measurement in an appropriate 

manner (see Eq. 3.5). 

The dielectric sensor is an assembly of electrodes printed on a Kapton film (see Figure 

3.7). If we consider each pair of consecutive electrodes as a micro-capacitor in an 

overall assembly of n micro-capacitors, then the overall measured capacitance will be: 

CT = C, +q +---+ C', (Eq. 8.16) 

40 - 10 
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If we also assume that the geometry if each pair of electrodes is the same, then the cell 

constant for each micro-capacitor will be the same. Thus, from Eqs. 8.14 and 8.16 we 

will get for the overall CO: 

Si Co, T= conKi = e�n - '- Li 
(Eq. 8.17) 

If di is the distance between two consecutive electrodes and if we assume that the 

electric field produced by these electrodes cannot extend beyond the semicircular path 

connecting them (see Figure 8.10), then the length Li will be limited between: 

di :! ý Li 
di 

2 
(Eq. 8.18) 

If the overall surface area comprised by the electrode assembly is S and the distance 

separating the first and the last electrode is L, then by combining Eqs. 8.17 and 8.18 we 

will get: 

-M-i 
nS. 2nS. 

. Fo n 
A- 

> sb nK, ý!: co n => con '> conKi ý!. qon di - ; rdi nd, - ; rnd, 

s 2S 
LL 

For the sensors used in this study: 

S= 19x103 mm 2 and L= 19 mm 

So. the cell constant will be limited between the values: 

(Eq. 8.19) 

6.69 mm: 5 Kj:: ý 105mm (Eq. 8.20) 
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Since the inter-electrode spacing is approximately 15gm (= d), the approximate 

number of electrodes and hence the number of micro-capacitors will be: 

L 19.103 
-1,270 (Eq. 8.21) 

di 15 

which leads to an approximate overall cell constant: 

8.49m:: ý, K: 5 1333m (Eq. 8.22) 

8.4 Dielectric Sensor Calibration for c' and e" Evaluation 

The dielectric sensors used in this study were comprised of an electrode assembly 

printed on a Kapton substrate (see Figure 3.7). The measurement of the dielectric 

properties of the resins, involved two kinds of measurements; one measurement of the 

response of the sensor in a free air environment and one with the sensor immersed in 

the resin. These two measurements are represented schematically in Figure 8.11. If we 

represent the Kapton substrate by an admittance Y, the air by an admittance Y,, and the 

resin by an admittance Y, then the overall measured systems can be represented by the 

equivalent electrical circuits shown in the same figure. They both represent an in 

parallel connection of two admittances; one connection for the measurement in the free 

air environment and one connection for the measurement of the resin. 

The total real and imaginary admittance, YI and Y, " , of these circuits is: 

yI .= 
yl+ Yj" Y'LF Y" 

1, air I 
Y., 

ý air sa 

(Eq. 8.23) 
Yll . 

It 
I= 

Ytr+Y y yl+ t, resin I 
Yll 

re sin Sr 
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Figure 8.11 Electrical field lines surrounding the electrodes of the dielectric 

sensor. a) Schematic representation of the measuring system in the free air 

environment with the resulting equivalent circuit. b) Schematic representation of the 

measuring system in the resin with the resulting equivalent circuit. Subscripts a, s, r 

standfor air, substrate and resin respectively. 

In the case of a single admittance, Y, the application of a voltage V(t) = VO exp(ico t) 

will result in a current I (t) which is: 

. 
i(t) = 

dq 
=- 

4CV(t)] 
= CVoiw exýiw t) = iCco V(t) = is * Coco V(t) = dt dt 

= i(c I- ie,, ) cco V(t) = (co C,, e + ico C, 0,6')V(t) 

Since the current I (t) is: 

(Eq. 8.24) 

I(t) = YV(t) = 
(r + ir, )v(t) (Eq. 8.25) 
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the real and imaginary parts of the admittance can be written according to Eq. 8.24: 

I" = Co. -" 

Combination of Eqs 8.23 and 8.26 yields: 

Ytl". 
ir 

and r, = co C, 06' (Eq. 8.26) 

and 4' = yl I, I air 

(I + (Eq. 8.27) 

These are the expressions that have to be used in order to calculate the dielectric 

permittivity and dielectric loss of the cured resin. By measuring the real and imaginary 

parts of the total admittance in free air and in the resin and by knowing the permittivity 

of the substrate, the dielectric properties of the resin itself can be evaluated. 

Since all the measurements were made by assuming an R-C parallel circuit, for which: 

I 
and Y" = co C 

R 
(Eq. 8.28) 

then the expressions given by Eq. 8.27 transform into the calibration equations given 

by Eq. 3.5 for a permittivity of the substrate equal to 2.93. That permittivity is used as 

a constant for all frequencies and temperatures. 

8.5 Dielectric Sensor Calibration for Conductivity Evaluation 

The cell constant is an important parameter that has to be known in order to calculate 

the conductivity levels in the resin and the way they change during the cure. In section 

8.1 a method for measuring the ion resistance, RP, was given. The distinctive peak of 

the imaginary impedance in the frequency domain was related to R. with the following 

expression: 

Rp = 2Z, " 
peak (Eq. 8.29) 
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The ionic resistance is related to the ionic resistivity, p, of the resin according to the 

relation: 

p=R =KR (Eq. 8.30) 

Since the ionic conductivity, a, is the inverse of the ionic resistivity, it follows that: 

(Eq. 8.3 1) 
KRP 

or, by using Eqs. 8.14 and 8.29: 

cr = 
90 (Eq. 8.32) 

2 Co Z�" 
, peak 

From Eqs. 8.26 and 8.27 it follows that the pure response of the resin, in terms of 

admittance, can be expressed as: 

Yt yl and r -Y (Eq. 8.33) 
- f, resin 

Yrf-": Yt', 
re sin t, 

'air 
I +S 

which can be easily transformed to impedance by: 

zt (Eq. 8.34) 
r y. 

d Z, 
r12 

ý 
"" IYI 2 

From that expression, the "true! ' peak of the imaginary impedance, Z,, "'P,,, k can be 

calculated and fonn the input in Eq. 8.32 for the calculation of the conductivity level. 
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Figure 8.12 Flow diagram for the evaluation of the dielectric properties and the 

conductivity levels of the curing resins. 
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The complete procedures for the calculation of the conductivity levels along with the 

calculation of the dielectric properties of the resin (permittivity and loss) are given in 

Figure 8.12. 

8.6 Conductivity Changes During Cure 

The procedure established in the previous section to evaluate the conductivity changes 

during the cure of the resin (see Eq. 8.32), was used to detennine the conductivity 

levels in the various resins. 
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Figure 8.13 Conductivity changes during isothermal cure ofRTM6 resin at various 

cure temperatures 

The resulting conductivity profiles for the isothermal cure of RTM6 resin at various 

cure temperatures are shown in Figure 8.13. Conductivity follows the same trend with 

Z"P,,,, but inverse (see Figure 8.4), thus the same phenomena will also affect the 

variation in the conductivity signal. The lack of stability in the temperature control and 
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the variation in the electrode blocking layer thickness, as identified in section 8.2 are 

the most likely reasons for the fluctuation of the conductivity values in the early stages 

of the cure. One interesting aspect of the conductivity profiles shown in Figure 8.13 is 

the higher final conductivity that is observed for the higher cure temperatures. 

Although the cure advancement is higher at higher cure temperatures, which would 

have resulted in lower conductivity levels, the higher temperature increases 

conductivity and actually masks the effect of the final cure level. 

The cell constants that were used in the calculation of conductivity were evaluated by 

using Eq. 8.14. The values of the measured air capacitance were used in that evaluation 

and the permittivity of the free space was taken as co = 8.85 pF/m. The calculated cell 

constants are given in Table 8.1 for all the experiments along with the measured air 

capacitance. 

Table 8.1 Air Capacitance and Cell Constantsfor all the dielectric experiments 

Resin 

R TM6 74.39 

RMO 77.34 

RM02 58.19 

934 67.62 

Resin 

RTM6 9.72 

AMO 8.74 

AM02 7.60 

934 7.64 

9.76 9.07 

9.45 8.17 

8.74 7.79 

7.65 6.63 

7.95 

8.17 

8.59 

The calculated cell constants do fall in the range of values that were estimated in the 

previous section (see Eq. 8.22) with an average value, which is about the same with the 

estimated lower-bound value cell constant. The above suggests that the effective 

Air Capacitance (pF) 

14011C I 1501C 16011C 130"C 

74.76 69.37 60.74 

83.64 72.26 72.29 

66.81 64.06 1 65.15 

67.72 58.67 

Cell Constant K (m) 
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electric field produced by the sensors should be conformed by arc-shaped lines of flux 

with a length approximately equal to the inter-electrode spacing. The observed 
deviation between the sensors should be attributed to the geometry of each individual 

sensor and actually of each individual micro-capacitor produced by two consecutive 

electrodes. Any damaged electrodes will reduce the effective cell constants to values 

even lower than the lower predicted value. 

The validity of the conductivity profiles obtained by the above method was checked 

using the method described in Section 2.7.10. The conductivity contribution to the 

dielectric loss -" can be expressed as: 

ff cr 
6ýýnd ý- =* 6 (0'60 Ocond (Eq. 8.35) 

co co 

Early in the cure, where the dielectric signal is completely masked by conductivity, the 

measured dielectric loss should be attributed only to conductivity. Thus, by plotting 

as a function of time at various frequencies would produce a master 

curve, at least up to the point where conductivity is the major contribution to the loss. 

The plots of tog(coeoc") as a function of time at various frequencies are given in 

Figure 8.14 for the isothermal cure of RTM6 resin at 140"C. 

The master curve that is formed from the superposition of the &9(CO606") plots is not 

followed for all frequencies throughout the cure. Early in the cure, superposition 

occurs only for frequencies above approximately 10OHz. As the cure progresses, lower 

frequencies start to superimpose, whereas the higher frequencies start to deviate. The 

deviation of the high frequencies at the later stages of the cure can be attributed to the 

contribution of the dipolar relaxations to the overall signal. 
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Plot of Apga vs time using Eq. 8.32. Isothermal cure of 
RTM6 resin at 140*C 

In the early stages of the cure, the dipolar relaxations are masked by the high levels of 

conductivity of the liquid resin. As the resin starts to solidify, conductivity drops and 

the dipolar relaxations start to become visible, especially at high frequencies. 

The deviation of the low frequencies from the master curve that is observed in the early 

stages of the cure is a consequence of the electrode polarisation effects. In the liquid 

state, the resin exhibits high conductivity levels, which promote the build up of 

charged layers at the interfaces between the electrodes and the resin. The effect of the 

blocking layer is more visible at the low frequencies. The effect of the blocking layer 

on the dielectric signal can be identified more easily by plotting the real impedance, Z' 

and the imaginary impedance, Z". in a Cole - Cole plot. The Cole ý- Cole plots of the 

isothermal cure of RTM6 resin at 140'C at various time intervals into the cure are 

shown in Figure 8.15. 
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Figure 8.15 Cole - Cole plots of the real and imaginary parts of complex 
impedance of isothermal cure of RTM6 resin at 140'C at various time intervals 

The semicircle that is formed in the high frequency range, which is attributed to the 

ionic relaxations, is followed by an arc shaped curve in the low frequency range, that is 

attributed to the electrode polarisation. If we consider the theoretical plot of the 

electrode polarisation that was given in Section 2.7.9 (see Figure 2.15), the effect of 

the cure advancement is reflected in the decrease of the polarisation effects (the 

polarisation arc in Figure 8.15 tends to form a perpendicular line to the Zý-axis). The 

reduction in the curvature of the polarisation arc is a direct indication of a reduction of 

the electrode blocking layer thickness. This is reasonable, since the solidification of the 

resin hinders the mobility of the charged species and thus reduces the amount of charge 

carriers that can accumulate on the electrode/resin interfaces. This reduction has a 
direct effect on the blocking layer thickness; fewer charge carriers produce a thinner 

layer. 
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The fogcr vs time plot of the same resin (RTM6) at 140'C is also shown in Figure 

9.14, as a solid line, with conductivity values calculated by Eq. 8.32. This plot actually 
falls on the master curve and follows it throughout the cure. The advantages of the 
determination of conductivity from the peak of the imaginary impedance in the 
frequency domain are unequivocally predominant. While the conductivity profile, as 

calculated from the traditional method (plot of &gýco. -0,6") to construct a master 

curve), is usually a "trial and error" procedure to detect the right frequencies that fall 

onto the master curve, the evaluation of conductivity from impedance is 

straightforward. Thus, the incorporation of this method of conductivity evaluation into 

a general dielectric monitoring method would give a direct determination of the 

conductivity levels, which, as will be shown in the next sections, can provide 
information on the viscosity, the gelation event and the vitrification point of the curing 

resin. 

8.7 Gelation Determination 

In the previous section, the ability of the dielectric signal to reflect the changes in the 

curing resin was investigated. The trend of the imaginary impedance was shown to 

follow that of the cure advancement with good degree of accuracy, considering the 

variations in the temperature of the curing resin during the dielectric experiments. 
Another aspect of the dielectric measurements that has to be investigated is whether 

they can detect the characteristic events of the cure (gelation and vitrification) and how 

accurate that determination might be with respect to the same events as measured by 

other techniques. 

The changes in the conductivity level ofthe resin reflect the changing mobilities of the 

charged groups within the resin system. Any phase transitions that might occur during 

the cure should have a reflection in the conductivity of the resin. This can be more 

easily understood if we consider the variations in the conductivity levels as a function 

of the changes in the resin viscosity. The conductivity profiles of the isothermal cure of 
RTM6 resin at different temperatures are shown in Figure 8.16. In the same figure, the 

viscosity profiles of the same resin and at the same cure temperatures have also been 

plotted. The vertical dotted lines appearing in that figure represent the times where an 
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inflection point appears in the conductivity curves. That inflection point has been 

attributed to the liquid to rubber transformation (gelation) ("I - 111), at least for simple 

epoxy - amine systems. The horizontal dotted line that appears in the same figure 

represents the arbitrary level of viscosity at gelation (10 kPas), as that was defined in 

S ection 7.1. 
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Figure 8.16 Combined conductivity and viscosity profiles of the isothermal cure of 

RTM6 resin at various temperatures. &mbols: Conductivity profiles. Solid lines: 

Viscosity profiles. Vertical dotted lines: Inflection points of conductivity curves. 
Horizontal dotted Un : Level of viscosity at gelation (10 kPas). 

As can be seen in that figure, the inflection point in the conductivity curves coincides 

in time to a very good agreement with the gelation, as established by the viscosity 

curves. The small deviations observed are probably due to temperature differences 

between the dielectric experiments and the viscosity experiments. 
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The equivalent plots were produced for the isothermal cure of 934 resin (see Figure 

8.17). 
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Figure 8.17 Combined conductivity and viscosity profiles of the isothermal cure of 
934 resin at various temperatures. Symbols: Conductivity profiles. Solid lines: 

Viscosity profiles. Horizontal dotted lin : Level of viscosity at gelation (10 kPas). 

As can be seen in this figure, the conductivity curves do not show any inflection 

points, which means that the principle of determining gelation from the inflection point 
in the conductivity curves is not valid for some resins. Clearly, this has some 
implications on the ability of dielectric cure monitoring to pinpoint some events in the 

cure of some resins. 

In Section 8.2 a correlation was established between the variation in the peak of the 

imaginary impedance in the frequency domain and the changes in the conversion level 
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of the curing resin. The curves that describe these changes were shown to follow a 

similar trend for both resin groups, autocatalytic resin systems (RTM6, RMO and 
RM02) and catalyst activated resins (934). It was shown, through the similarity in the 

curve trends, that the inflection point in the conversion profiles of the autocatalysed 

resin systems does appear in the curve that describes the imaginary impedance peak 

changes, whereas the catalytic 934 resin was found not to show inflection point in 

either the conversion profiles or the imaginary impedance profiles. Since any inflection 

points appearing in conversion translate to maximum in the reaction rate and since a 

maximum was observed in the reaction rate of the autocatalysed systems and not in the 

reaction rate of the catalytic systems, it is reasonable to assume that the inflection point 
that was observed in the imaginary impedance will reflect the maximum reaction rate. 
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Figure 8.18 Isothermal cure of RTM6 resin at 140'C. Symbols: Conductivity 
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Consequently, if we consider Eq. 8.32, the inflection point in the conductivity curve 

should reflect the time of maximum reaction rate. 
To demonstrate the above, a combined plot of conductivity and of the reaction rate was 

produced and is shown in Figure 8.18. The correlation between maximum in reaction 

rate and inflection in conductivity is very good, suggesting that the observed inflection 

point in the conductivity curve is more likely to be attributed to reaction kinetic 

changes rather than to physical transformations, like gelation. 

8.8 Vitrification Determination 

The well established relationship between the changes in the dielectric response of the 

curing resin and the physical transformation of the resin from the rubbery to the glassy 

state has been presented in Section 2.7.12. The experimental evidence suggests that the 

dipolar peak in the dielectric loss can track the T. of the resin quite accurately, 

particularly the peak at lHz ( ....... ). One of the difficulties that arises from this kind of 

approach is the necessity for a "cleae' dielectric signal. What that means is that the 

pure response of the resin system has to be monitored without the interference of the 

measuring dielectric sensor. During a dielectric measurement, the free ionic species 

that are present at all resin systems tend to form a blocking layer at the interface 

between the electrodes and the resin, which produces a large increase in the apparent 

measured dielectric loss (see Section 2.7.9). This artefact masks the dipolar peak and 

thus makes it very difficult to follow the changes in the dipolar peak and therefore 

track the vitrification time. 

The almost entire absence of any dipolar peaks in the dielectric response can be seen in 

Figure 8.19. At this figure, foge" has been plotted in a three-dimensional diagram 

against the test frequency and the cure time for the isothermal cure of RTM6 resin at 

140'C. A close examination of the figure reveals the following: 

* in the early stages of the cure, iog6" follows a linear dependence with togf, 

indicating that the signal is dominated by conductivity. At this point it has to be 

recalled that the contribution of ionic conduction to the overall dielectric loss is 
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given by the relationship: = which in &g. a 
vs. iogf plot is a straight 

line with slope -1 (see Section 8.1 for Z" interpretation). 

As the cure progresses the overall loss decreases and the linear dependence of 
ft6" with togf starts to collapse as the ionic conduction reduces in magnitude 
because of the stiffening of the curing resin. 
Further into the cure dipolar contributions start to become visible, especially at 
high frequencies where the signal is not affected significantly by conductivity ((x 

relaxation). 
Towards the end of the cure the loss reaches a minimum value, still depending on 
the test frequency though, indicating that the resin has reached a final point for that 

specific cure cycle. 

Figure 8.19 Three-dimensional plot of dielectric loss against test frequency and 

cure timefor the isothennal cure ofRYM6 resin at 1400C 
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All the above observations are indicated in Figure 8.19 by the arrows, which have been 
drawn for demonstration purposes. 
Even though the dielectric loss, at least for the resin systems investigated, does not 

sh ow clearly the dipolar contributions, which could lead to the evaluation of the 

vitrification point, this is not the case for the dielectric permittivity. The ionic 

conductivity does not affect the permittivity of the resin system but only the dielectric 

loss (see Sections 2.7.6 and 2.7.8). Although the artefact of electrode polarisation can 

still be observed in the signal, it is more likely that later in the cure, the contribution 
from electrode polarisation. will be reduced, since the cured resin will not allow any ion 

migration, which lead to the build up of the electrode blocking layer. The permittivity 

of RTM6 resin, cured isothermally at 140'C, can be seen in Figure 8.20. 

Figure 8.20 Yhree-dimensional plot ofper? nittivity against testfrequency and cure 

timefor the isothennal cure ofRTM6 resin at 140'C 



! Chapter Eight Dielectric Cure Monitoring 234 

The effect of electrode polarisation. is evidenced by the high values of permittivity 

obtained early in the cure and especially at low frequencies. At these frequencies, the 

electric field changes polarity slowly compared to the ability of the ionic species to 

reorient, thus allowing for the accumulation of these species at the electrode/resin 
interface. In the high frequency region however, the ions cannot follow the changes in 

the polarity, which means that at that region the dielectric response is free of any 

electrode polarisation contributions. This is evidenced by the plateau observed in that 

region. We can confidently suppose then that the permittivity values, as measured at 

the high frequency range, reflect the changes in the relaxed permittivity of the resin 

(e 
,, 
). If we follow the changes of permittivity throughout the cure we can observe a 

significant step drop in its magnitude, an indication of approaching the cc relaxation of 

the resin (the physical transformation from the rubbery to the glassy state). 
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Figure 8.21 Schematic representation of the determination of the relaxation time -r 

from thepermittiWty data. 
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This can be more easily understood if we compare Figure 8.20 with the permittivity of 
the pure DGEBA resin shown in Figure 2.18. The step in permittivity at the cc 

relaxation is evident in both cases. The pioneer work of Debye (") has demonstrated 

that the point where the dipolar peak in the dielectric loss is observed, is the point 

where permittivity is mid-way between the relaxed permittivity 6, and the unrelaxed 

pernlittivity If we consider that the unrelaxed permittivity is the permittivity of the 

fully cured resin (see Section 2.7.12), then the way of estimating the relaxation time 'r 
(cure time at the dipolar peak) can be schematically represented by Figure 8.21. At 

each frequency, the permittivity is monitored throughout the cure and the point in time 

where it reaches the mid-point between E,. and E,,, coincides with the relaxation time. 

Since electrode polarisation is always present at low frequencies, this procedure cannot 
be followed to frequencies as low as IHz, which is the frequency that tracks the 

vitrification point. Thus, the above procedure is usually repeated for three or four 

orders of magnitude of frequency in the high frequency range and back extrapolation 

of the relaxation times down to lHz is made to give the relaxation time at that 

frequency, which identifies the vitrification point ( ... ). 

Before any calculations of the relaxation times can be made, the relaxed permittivities 

need to be evaluated. The permittivity data at the frequency of 178kHz will be used for 

this purpose. This frequency falls in the plateau region previously assigned to the 

relaxed permittivity of the resin (see Figure 8.20). These data are shown in Figure 8.22 

for the isothermal cure of RTM6 resin at various temperatures. An apparent conclusion 

that can be drawn from the figure is the specific trend that is followed by permittivity 

at a specific frequency at various cure temperatures. The higher the cure temperature 

the lower the apparent permittivity and the lower the cure time required to reach the a 

relaxation. The above observation is in a good agreement with the general case of the 

relaxed permittivity reducing as the temperature increases. From the generalised form 

of the Clausius - Mossoti equation (see Eq. 2.62), it follows that as the temperature 

increases the relaxed permittivity drops to lower values. The lower cure times to reach 

the cc relaxation at elevated cure temperatures are the direct outcome of the higher 

reaction rates that are achieved at higher temperatures. 
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Figure 8.22 Permittivity plots at 178kHz of the isothermal cure of RYM6 resin at 
various temperatures. 
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Figure 8.23 Permittivity plots at 1 78kHz of the isothermal cure of RM02 resin at 

various temperatures. 
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The only exception from the general trend in permittivity is obtained by the cure at 
160T, which is completely out of the trend. The same effect was also observed for the 

isothermal cure of RM02 resin. The permittivity profiles at 178kHz for that resin are 

shown in Figure 8.23. They follow the same trend with the profiles of RTM6 resin 

apart from the cure at 150T. For both resin systems the permittivity profile that is not 
following the trend seems to overestimate the permittivity. While the (x relaxation 
follows the trend, the overall values of permittivity are higher than they should be. If 

we consider the effective air capacitance measured by the sensors used in the 

measurement of RM02 resin (see Table 8.1) we can conclude that they are sensing 

approximately the same effective volume (the air capacitance is approximately 

constant). What that means is that the same should be expected if they were sensing the 

same resin at the same cure temperature. However, this is not the case. The cure at 

150'C shows higher permittivity values than the 140'C cure, thus higher overall 

capacitance. This effect should suggest that the sensor for the 150'C senses more 

effective volume than the sensor for the 140"C or vice versa. No further explanation 

can be given at the moment for the observed controversy in the experimental results. 

Another phenomenon that is also observed is the increase of permittivity during a cure 

cycle in the region prior to the step drop at the cc relaxation (see Figure 8.22 and Figure 

8.23). A better insight can be achieved if we overlay the actual temperature profiles 

that were followed by the resins during the experiments. The permittivity profile at 

178kHz for the isothermal cure of RTM6 resin at 150'C is shown in Figure 8.24 along 

with the actual temperature profile for this cure cycle. 

The first remark that can be made is that the actual temperature of the resin is a few 

degrees above the programmed cure temperature, which means that the resin was cured 

faster than it should be. The temperature profile also reveals that as the cure progresses 

the temperature of the resin increases as a result of the exotherm produced by the 

curing reaction. The permittivity profile also follows the same trend as the temperature 

profile. After the initial drop in permittivity because of the heat up of the resin to the 

isothermal temperature, permittivity increases as the temperature of the resin increases 

during the curing. This is contrary to the expected drop of permittivity with increasing 

temperature. 
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Figure8.24 Overlaying of permittivity at I 78kHz and temperature profiles of the 

isothermal cure ofRTM6 resin at 150'C Yhe glass transition temperature profile is 

also plottedfor compafison ofthe vitfification points. 

The resin, before it reaches vitrification, has a T. which is always below the cure 

temperature (see Figure 8.24). Thus, according to Eq. 1.62 and Figure 2.18, the relaxed 

permittivity should keep dropping as the temperature of the resin increases. The 

apparent controversy of the experimental results with what was expected can be 

resolved if we consider the geometry of the applied electric field. Because of the two 

terminal nature of the sensor used, the electric field that is produced is a ffinging field. 

That means that the curvature of electric field lines will depend upon the permittivity 

of the medium that the field is applied to. For the measurement in free air, the 

permittivity of the medium is constant (e, = 1). But in the case of the resin, permittivity 
is not constant. It drops as the resin cures. At the beginning of the cure, where the resin 

is in the liquid state, the resin permittivity is high. That will cause reduction in the 
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curvature of the field lines (the radius of the elliptic field lines will be smaller than that 

of the field lines in free air). As the cure progresses, the curvature will increase as a 
result of the lower permittivity of the curing resin and it will approximately resemble 
the field lines in the free air towards the end of the cure. What that means is that the 

effective area that is measured is smaller at the beginning of the cure compared to the 

effective area measured in free air. Thus, at least until the vitrification point has been 

reached (the step drop in permittivity), the admittance of the sensor in free air should 
be adjusted to smaller values than actually used in the calculation of permittivity by 

Eq. 8.27. This adjustment would increase the permittivity values and might result in 

non-appearance of the controversy in the permittivity results presented in Figure 8.24 

(increase in permittivity while the temperature increases). 
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Figure 8.25 Determination of vitriftication point by conductivity measurements. The 

intersection point between the linear extrapolation of conductivity before and after 

the end step in conductivity at the end of the cure defines vitrification. 
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The above discussion would suggest that the experimental data, at least as they were 

presented, are not really suitable for any further treatment. The application of the 

method presented in Figure 8.21 for the calculation of the relaxation times would 

probably produce untrustworthy results. Thus, at least for the evaluation of the 

vitrification points, the most suitable method would seem to be to find the endset of the 

conductivity profiles, determined by the intersection of the extrapolated conductivities 
before and after the final step in conductivity at the end of the cure (see Figure 8.25). 

The vitrification times thus determined for some of the resin systems and for some cure 

temperatures are given in Table 8.2 along with the vitrification times determined by 

DSC Tg measurements (see Chapter 5). 

Table 8.2 Vitrification times as determined by the intersection of the extrapolated 

conductivities before and after thefinal step in conductivity at the end of the cure, for 

all resin systems. Values in brackets indicate vitrification times as determined by DSC 

measurements. 

Resin Vitrification Time (min) 

130*C I 40*C 1500C 160*C 

R7M6 165(191) 106(130) 75(88) 52(60) 

RMO 240(180) 148(118) 88(78) 64(51) 

RM02 200(191) 136(130) 82(88) 60(66) 

The comparison between the two techniques does not show any particular correlation, 

as expected from the key points discussed in this section. 

8.9 General Comments on the Dielectric Monitoring Results 

The results presented in this chapter have demonstrated the complex fashion by which 

the dielectric response of the resin reflects any chemical or physical changes during the 

cure. The initial aiin of the implementation of the dielectric cure monitoring in the 

present study was to investigate the feasibility of detecting the cure advancement and 
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the major physical transformations that occur during the cure of epoxy resins, by 

monitoring the changes in the dielectric properties of the curing resin. Detection and 

quantification of cure advancement was accomplished with a reasonably good degree 

of accuracy. The changes in the imaginary impedance and in the conductivity levels of 

the resin were shown to follow a trend similar to that exhibited by the degree of cure. 

The characteristics of the reaction mechanism, such as the autocatalytic behaviour of 

some of the resin systems investigated and the maximum in the reaction rate, were 

successfully detected and showed a very good correlation with the same characteristics 

detected by the more traditional cure monitoring techniques (DSC and FTIR). 

The next step was to investigate the possibility of detecting gelation and vitrification 

by monitoring the changes in the dielectric signal and in particular the changes in the 

conductivity levels and the relaxed permittivity of the curing resin. Such studies have 

been undertaken by several research groups in the past and have shown very promising 

results. However, equivalent attempts in this study gave unexpected results. Some of 

the reasons for this have already been given in the previous sections of this chapter. In 

particular, the suggested reasons for this discrepancy are: 

* Temperature instability during the dielectric experiments; 

9 Higher overall cure temperatures than those achieved during the DSC and FTIR 

experiments; 

* Variations in the effective measured volumes between different dielectric sensors; 

e Intrinsic deficiencies in the design of the dielectric sensors. The two terminal 

design of the sensors leads to a permittivity dependent applied electric field; 

The above mentioned key points, that affected the dielectric measurements, did not 

allow for direct evaluation of gelation and vitrification from the changes in the 

dielectric signal. However, this is a consequence of the attempt to correlate the 

absolute values of the dielectric response of the resin to the observed physical 

transformations during the cure. This was demonstrated in Figure 8.22 and Figure 8.23, 

which show the relaxed permittivity profiles of the RTM6 and the RM02 resin 

systems at various cure temperatures. In these figures, two of the experiments fall out 
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of the general trend that is followed by the rest of the experiments. Despite the fact that 

this observation means that the absolute values cannot be trusted, completely different 

results will be obtained if we plot the relative changes of the relaxed permittivity. This 

is demonstrated in Figure 8.26, where the same data shown in Figure 8.22 have been 

plotted, but this time normalised by the minimum permittivity attained at each cure 
temperature. 
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Figure 8.26 Pemittivity plots at 178kffz of the isothennal cure of RTM6 resin at 

various temperatures. Data have been normalised b the minimum permittivity Y 

attained at each cure temperature. 

The difference in the trends of the curves between Figure 8.22 and Figure 8.26 is 

evident. The normalised permittivities follow the expected trend. At low cure 

temperatures the relaxed permittivities in the beginning of the cure are higher than at 
high cure temperatures. As the cure progresses all the profiles show a step drop at the (x 

relaxation and then level off to the unrelaxed permittivity. At this point, it has to be 
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recalled that the unrelaxed permittivity is independent of temperature and test 
frequency, at least in the frequency range of the present experiments. The unrelaxed 

permittivity is the "background" permittivity of the resin and is attributed to the 

electronic and the atomic polarisation. These kinds of polarisation are expected to 

exhibit a relaxation at very high frequencies (probably ten orders of magnitude or more 

above the maximum frequency measured in the present experiments). For more details 

in these kinds of polarisation, the reader can refer to Section 2.7.2.2 in Chapter 2 of the 

present thesis. 

The above described normalisation of the relaxed permittivities could make it possible 

to use the method described in Section 8.8 for the estimation of the relaxation times of 

the a relaxation process (see Figure 8.21) and consequently for the estimation of the 

vitrification times. In an industrial context, an estimation of the vitrification times 

would be invaluable as it would allow the use of a feedback-loop control system for the 

cure process, based on the estimation. 
However, for the purposes of this study the absolute values of the dielectric response 

are more valuable and able to reflect the changes in the curing resin system. Therefore, 

the effort was focused on the extraction of the "real" dielectric response of the resin 

and on the correlation of the "real" relaxations to the characteristic points of the cure. 



Chapter Nine 

9. Overall Discussion 

The cure profiles of several commercial and laboratory made epoxy resins were 
investigated in this study by several thermoanalytical techniques. The investigation 

was concentrated not only on gathering the appropriate information of the 

characteristic elements of each individual cure (degree of conversion, glass transition 

temperature, viscosity), but also in the development and application of mathematical 

models that could simulate any cure profile under isothermal or dynamic conditions. 
Effort was also applied to utilise a monitoring technique potentially able to characterise 

the cure of these materials by in-situ and in real time. 

The techniques employed for the thermoanalytical characterisation of the epoxy resins 
investigated were Differential Scanning Calorimetry (DSC), Fourier Transform 

Infrared Spectroscopy (FTIR) and Rheometry. The key issues that were identified from 

the results of a range of experiments on those resins, concerning their cure mechanism, 

were (see Chapter 4 for more details): 

* Complex reaction mechanisms for all resins; 

* Constant cure mechanism for all resins apart from the cure of the catalyst 

containing resin 934, which showed indications of changes in the reaction 

mechanism in cures at different heating rates; 



Chapter Nine Overall Discussion 245 

Autocatalytic phenomena for the resin systems not containing catalysts; 

Diffusion phenomena for all isothermal cure cycles, leading to incomplete curing. 

The experimental data on the reaction rate and the degree of conversion obtained by 

DSC and FTIR were further analysed in order to construct kinetic models that could 

accurately predict the cure advancement for all resin systems. Various techniques were 

applied, based on information on the reaction mechanism of each individual resin and 

on the characteristic points that they show. These models varied from pure 

phenomenological models derived for a simple epoxy/amine cure to complex 

mechanistic models, that could describe the concentration evolution of all the reactive 

species involved in the cure reactions (see Sections 4.4 and 4.5). Irrespective of the 

nature of the kinetic model, the activation energies that were estimated revealed that 

three of the four resin systems investigated (RTM6, RMO and RM02) were following 

the same reaction mechanism (see Tables 4.5 and 4.6). Some variability was observed 

in the values of the calculated kinetic parameters such as the pre-exponential factors of 

the reaction rate constants. This is more likely to be a direct effect of the stoichiometry 

differences, leading to different contributions from individual reaction types, rather 

than any intrinsic differences in the overall reactions mechanisms. 

Assumptions of simple reactions of the epoxide groups with the amines were found to 

be adequate to mathematically describe the cure kinetics of all the resins. The use of 

both autocatalytic and non-autocatalytic reaction schemes in the models was able to 

describe the two activation mechanisms that are followed during the cure reaction for 

the resins not containing any catalysts (see Eq. 4.9 and Section 4.5). The autocatalysis 

was attributed to the hydroxyl groups produced during the epoxy/amine reaction. For 

the 934 resin, which contained BF3 catalysts, a simple nth order reaction mechanism 

was found sufficient to describe the cure kinetics under isothermal conditions (see Eq. 

4.14). 

The cure kinetics under dynamic conditions was found to be more complex to model. 

A modified model was used to fit the experimental data on the cure kinetics under 

dynamic conditions (see Eq. 4.17). In the case of the 934 resin, peak separation was 

needed to identify the individual reaction steps that were observed in the DSC 
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thermograms. Further modelling of each individual reaction step was implemented by 

the use of a simple nth order reaction mechanism (see Eq. 4.19). 

The fitting on the models was very good for all the resins suggesting, apart from the 

success of the evaluation procedures, that the models implemented were adequate to 

describe the kinetics of those resins. 

The kinetic data were then combined with Tg data in order to describe the structural 

development during the cure and also to identify and analyse the diffusion regions in 

the cure cycles. The analysis of the glass transition temperature profiles revealed that a 

single activation mechanism is followed during the build up of the three dimensional 

network, in contrast to the reaction kinetics, which follow several activation 

mechanisms depending on the nature of the individual cure reaction (see Section 5.1). 

The combined results on cure kinetics and Tg were Rather analysed to describe the 

diffusion processes during the cure reaction. Although the experimental data were not 

adequate enough to analyse in all cases, for some of the cure cycles, where the analysis 

was possible, it was indicated that diffusion is a single activated mechanism correlating 

to the structure development characteristics of each resin (see Chapter 5). 

Viscosity changes were also monitored during the cure of each resin system. The 

rheometric results on viscosity showed the typical behaviour of an epoxy amine cure. 

An exponential growth of viscosity was followed for all resin systems apart from the 

934 resin. Application of a modified version of the WLF equation (see Eq. 7.5) was 

very successful in the modelling of the viscosity data. All the parameters of that 

equation were found to depend on the cure temperature in a systematic manner. The 

physical transformation from the liquid to the rubbery state (gelation) was detected 

from the viscosity profiles. Further combination of the viscosity results with the kinetic 

and the Tg results revealed that gelation is occurring at a specific Tg, which is unique 

for each resin system (see Figures 7.12 - 7.14 and Figure 7.17). 
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The sensitivity of all the mathematical models constructed in this study was also 

evaluated by incorporating a fixed 5% error on the estimated model parameters. A 

template for this kind of error analysis is given in Appendix E. 

VVhile the thermoanalytical techniques and the chemorheological modelling provided 

all the infonnation needed to characterise the curing behaviour of the resin systems 

studied, the monitoring technique that was utilised (Dielectric Analysis), provided the 

tool for the on-line detection of the curing characteristics of these resins. Because of 

the non-destructive nature of that technique and the sensing devices that were used (see 

Figure 3.7), the dielectric properties of the curing resins were collected and analysed in 

order to investigate the feasibility of actually correlating these properties with the cure 

characteristics of the resins. The sensing devices were simulated by the use of suitable 

equivalent electrical circuits and the resin response was. separated from the bulk 

measured signal (see Section 8.4). The characteristic peaks that were observed in the 

impedance response of the resin were attributed to the dc conductivity of the curing 

resin. That enabled a simulation of the cure advancement during the cure to be made. 
Although the correlation with the kinetic results from the DSC measurements was not 

very good, because of temperature variations and intrinsic disadvantages of the sensors 
(see Section 8.8), the trends were similar, suggesting that the dielectric technique is 

capable of detecting the cure advancement (see Figures 8.4 - 8.7). An attempt was also 

made to correlate the dielectric signal to the physical transformations that occur during 

the cure of the resirL Despite the fact that the gelation times that were estimated from 

the inflection points in the conductivity curves were shown very good agreement with 

the gelation times estimated by the viscosity profiles for all the RTM6 related resins, 

the failure of the method in the case of the 934 resin suggests that further 

considerations have to be made in the interpretation of the results and in the 

experimental setup. 

From the above surnmary it can be concluded that: 

9 The aim for a universal cure kinetics model remains an unachieved target; 
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* The effort needed to produce models that can accurately describe the cure 

processes in thennosets is significant; 
Elegant mathematical techniques have to be implemented for the application of 

more complex models; 
On-line monitoring is achievable, although some further considerations have to be 

given to the experimental dielectric setup. The interpretation of the results also 

needs some reevaluation. 



Chapter Ten 

10. Conclusions 
Thennoanalytical techniques and dielectric analysis were used to describe and 

characterise the cure processes during the isothermal and dynamic cure of various 

epoxy/aniine resin systems. 

The Idnetic analysis of the experimental data by DSC and FTIR measurements 

revealed that: 

a) Reaction mechanism: 
The reaction path that is followed is reactions between: 

Epoxy groups with primary amines (primary amine addition reaction); 

Epoxy groups with secondary amines (secondary amine addition reaction); 

Epoxy groups with primary amines c'atalysed by the produced hydroxyl. groups; 

Epoxy groups with secondary amines catalysed by the produced hydroxyl groups; 

Epoxy groups with the produced hydroxyl groups (etherification reaction); 

There was no experimental evidence to support any reaction between epoxy groups 

(homopolymerisation reaction) although it is believed that these reaction should 

occur during the dynamic cure of these resins. 
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b) Activated mechanisms: 

* Two overall activated mechanisms were identified for the cure of the non-catalytic 

resins (RTM6, RMO and RM02). The activation energies obtained were 

approximately 72-75 U/mol for the non-autocatalysed reactions and 53-56 U/mol 

for the autocatalysed reactions; 

4p One overall activation mechanism was identified for the isothermal cure of the 

catalytic resin system (934). The activation energy obtained was 74 W/mol, a value 

that falls in the range of the previously estimated activation energies for the non- 

autocatalysed reactions of the other resin systems. Thus, it is suggested that the 

reactions occurring have the same overall identity for all resin systems. 

The combined results of the Tg measurements and the reaction kinetics data suggest 

that: 

a) lhr&e dimensional nelwork development 

* The glass transition temperature advancement during the cure follows the same 

trend with the reaction advancement; 

eA one-to-one relationsbip exists between T. and conversion, suggesting that the 

formed network is independent of the conditions under which the cure reactions 

occur; 

9 All the resin systems vitrify under isothermal conditions without reaching 100% 

conversion. 

b) Activation mechanism of structure advancement; 

eA single activation mechanism is followed for all resin systems as the Tg advances, 

indicating that the development of the three-dimensional network does not depend 

on the various reactions that may or may not occur during the cure; 

* The occurrence of diffusion depends on the structure development (Tg) and it is an 

activated mechanism. 
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The viscosity data collected by the rheometric tecbrdque revealed that: 

9 The viscosity profile of the curing resin follows the usual exponential growth under 

isothennal conditions; 

* At the gelation region the viscosity increases very rapidly in a very narrow time 

window compared to the overall time scale of the curing, making the above 

technique adequate to measure the gelation times with a very good degree of 

accuracy; 

* The combined results of viscosity and Tg suggest that gelation. occurs at a specific 

Tg which is unique for each resin system. 

The chemoviscosity modelling that was applied to describe the cure kinetics, the T. 

advancement and the viscosity increase during the cure process of all resins indicated 

that: 

a) Cure kinetics: 

9 Various mathematical models, either phenomenological or mechanistic, had to be 

applied to describe accurately the cure advancement in respect to the degree of 

cure; 

Elegant mathematical techniques had to be applied in order to evaluate the kinetic 

parameters of the above models; 

The evaluated kinetic parameters were in the range of the parameters obtained from 

the literature for similar epoxy/amine systems; 

The simulation of the cure advancement made by these models was very successful 

under all circumstances and for the cure temperatures that were studied 

experimentally. 

development 

* Di-Benedetto's equation was an adequate expression to describe mathematically 

the one-to-one relationship between T. and degree of conversion; 

9 The fitting achieved was very good for all resin systems. 



Chapter Ten Conclusions 252 

Viscosi1y modelling: 
A modified version of the well known WLF equation had to be implemented in 

order to simulate accurately the viscosity profiles of all the resin systems under 
isothermal conditions; 

* The parameters of the WLF equation depend on the cure temperature. 

The dielectric monitoring technique that was implemented to investigate the feasibility 

of following the cure under isothermal conditions showed that: 

The characteristic peak that appears in the imaginary impedance of the curing resin 
in the frequency domain reveals the characteristics of the cure mechanism 

(autocatalysis, freezing of the reaction prior to fully cure under isothermal 

conditions); 

The advancement of the peak in the imaginary impedance with cure time shows the 

same overall trend with the degree of conversion obtained by DSC and FTIR 

experiments; 

9 The conductivity profile obtained by analysing the imaginary impedance peak is 

the same as the conductivity profiles obtained by conventional methods 

(superposition of dielectric loss profiles at different frequencies), but superior in 

the way that it is not a "trial and error" method in picking up the right frequency for 

which the dielectric loss data represent the conductivity of the resin; 

There exists a definite drop in permittivity toward the a relaxation (physical 

transformation from the rubbery to the glassy state), visible in the high frequency 

range but masked by the high conductivity levels in the low frequency range; 

The major physical transformations during the cure (gelation and vitrification) do 

show up in the dielectric signal, but temperature variations and intrinsic 

experimental difficulties currently prevent a more detailed quantitative analysis of 

the results. 



Chapter Eleven 

11. Suggestions for Further Work 

The detailed investigation of the cure Idnetics of the resin systems utilised in the 

present study has resulted in the following two overall conclusions: 

Simple autocatalytic cure kinetics models or modified versions of them can be 

easily adapted to describe the cure of almost every epoxy/amine resin system cured 

under isothermal conditions; 

The transition from the isothermal cure to the non-isothermal cure results in more 

complex reaction kinetics and, thus, in more complex kinetic models and a need for 

sophisticated mathematical methods for the kinetic parameters evaluation. 

The reason for the failure of the models, at the transition from the isothermal to the 

non-isothermal case, is that these models are mostly phenomenological and unable to 

describe accurately the true reaction mechanisms that take place during the cure. 

Therefore, it would seem advisable to utilise appropriate experimental methods that 

could give the concentration profiles of all the reactive species involved in the cure 

reactions and to model each individual concentration profile for any kind of cure, 

isothermal or non-isothermal. These methods will yield the kinetic parameters for each 

individual reaction and thus provide a better insight into the overall reaction 

mechanism. Infrared spectroscopy and especially near-infrared spectroscopy is 
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probably the best method for such an investigation since it has been shown to give 
information in areas where mid-infrared spectroscopy has failed. 

The new concept of the Modulated-DSC is also attractive in the investigation of the 

cure kinetics of thermosetting resins. If the separation of the heat capacity signal from 

the exothermic signal of the cure reaction is achievable, as it is claimed, then a 

completely new area is open for investigation. Thermograms that are free of any 

changes in the physical state of the resin reflect only the "true" chemical reactions that 

occur during the cure, thus allowing calculation of the degree of cure with a better 

degree of accuracy and consequently evaluation of kinetic parameters of the actual 

reaction mechanism. The concept of the isolated heat capacity profile suggests new 

areas of -investigation. Heat capacity is a property that reflects the structural 
development of the curing resin and therefore should reflect the physical 

transformations that occur during the cure. Detection of gelation or/and vitrification 
from the heat capacity changes, therefore from direct DSC measurements, will produce 

the extra link that is needed in the interpretation of the signal obtained from an online, 

real time monitoring technique, such as dielectric cure monitoring. 

Another point that was picked up in this study is the interpretation of the dielectric 

signal and how it is affected by the experimental setup and in particular by the design 

of the dielectric sensors. It is suggested that an investigation of the characterisation of 

the electric field produced by these sensors should be performed. The potential of 

applying the dielectric technique in an industrial context, as a means of real-time 

monitoring of thermoset cure processes, suggests a need for an improvement of the 

"robustness" of the dielectric signal. Such an approach would require the filtration of 

any "artefacts" that could interfere with the detection of the critical points in the cure 
in particular gelation and vitrification. 

The good degree of accuracy that was obtained from the correlation between the 

changes in the dielectric signal and the changes in the degree of cure indicates that this 

particular cure monitoring technique would be attractive in an industrial context. For 
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that reason, it would be of interest to further investigate the existence of any correlation 
between cure reaction mechanisms, cure kinetics and viscosity, as determined by 

conventional cure monitoring methods (DSC, FTIR and Rheometry), and dielectric 

behaviour, as determined by the individual elements that constitute the dielectric 

response of the resin, such as ionic conductivity and dipolar relaxations. The use of 

equivalent electrical circuits, as demonstrated in the present study, can be the means to 

establish this correlation. An investigation of the feasibility of relating the responses of 

individual circuit elements, or combinations thereof, to changes in resin temperature, 

resin viscosity, reaction mechanism or degree of cure and the development of 

mathematical models representing any such connections would seem to be the next 

step in the design of a po tential feedback loop control system for the manufacture of 

thermoset composites parts. 
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APPENDIX A 

Ryan - Dutta Method 

The Ryan - Dutta method is based on the solution of the system of Eqs. 4.9 - 4.12, 

which are: 

da 
d, 

(kl+k2a'). (I-a)n 

b) r= m+n 

c) 
da 1= 

kl 
dt t=o 

d) nklapl-'+k2rap-mk2 =0 

where the subscript p refers to the point at the maximum reaction rate. 

(Eq. A. 1) 

The solution of the above equations was made according to the following method: 

1) Determination of initial reaction rates 
da 

, maximum reaction rates 
da 

dt 
1=0 

dt 

and corresponding conversions at maximum reaction rates a,. 

2) Substitution of initial reaction rates to Eq. A. Ic to calculate k,. 

3) Guess of total reaction order r and partial reaction order m. 

4) Substitution to Eq. A. Lb to calculate n. 
5) Substitution to Eq. A. Ia and solution with respect to k2. 

6) Substitution to Eq. A. Id and solution with respect to m. 

7) Loop between steps 4-6 until the difference between guessed m and calculated m 

was less than 10'. 
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The flow diagram of the above estimation procedure is given in Figure A. 1. 

Input of reaction rate data 
at various cure temperatures 

Determination of 
initial reaction rate 

da 
= kl 

dt 

Input of guessed 
reaction order rI 

Guess m 

I r=m+n I 

E 
'-I 

(If not min) Calculate 
I 

(fit rate) - (input rate) 

too (If not min) 1111-41 

Loop while 
(guessed m) - (estimated m)> 10-4 

da 1 
-dt = 

(kl + k2a') . 
(1_, )n 1 

(Solve for k2) 

I n-kl-apl-M+k2. r-ap-m-k2=0 I 

(Solve for m) 

Estimate m 

Figure A. 1 Flow diagram of the Ryan - Dutta method 
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APPENDIX B 

I! resent Method 

Input of reaction rate data 
at various cure temperatures 

Determination of 
initial reaction rate 

da 
kl a 

dt 

Input of guessed 
(If not min) Calculate 

reaction order rI (fit rate) - (input rate) 

Guess m 
(If not min) 

Calculate 
(guess m) - (estimated m) 

" da I 

In dt 
r-m-kl =Ink2+m-Ina 

Linear regression to 
(I 

- a) estimate k2, 
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APPENDIX C 

Levemberg - Marquardt Method of non-linear regLression analysis (*) 

If we consider the fitting of the model: 

y= y(x, a) (Eq. CA) 

to N observations (Y,, y)., then if that model depends nonlinearly on the set of M 

unknown parameters (Xk, the best-fit parameters can be evaluated by the minimisation 

of ae merit function of the form: 

N [yi-y(xi, 
a)]2 

X'(a) =Z (Eq. C. 2) 
i= I ai 

The procedure for solving a nonlinear estimation problem is iterative. Sufficiently 

close to the minimum, the merit function 2 is expected to be well approximated by a 

quadratic fonn, which can be written as: 

X'(a) z y-d. a+ 
I 

a-D-a (Eq. C. 3) 
2 

where d is an M-vector and D an MxM matrix. If the approximation is good, the 

jump from the current trial parameters ac,,, to the minimising ones aýn., in a single step 

is: 

D. W. Marquardt, "An Algorithm for Least-Squares Estimation of Nonlinear 

Parameters", J Soc. Indust. AppL Math., 11,431, (1963). 
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amin -,: acur + D-1 - 
[_ Vx2 (acu, )] (Eq. CA) 

or, if we get a poor local approximation to the shape of the function that we are 

minimising, a step down the gradient according to the steepest descent method: 

a min ýa cur - cons tan tx VX 2 (acur) (Eq. C. 5) 

The gradient of Z' with respect to the parameters a, if we disregard terms involving the 

second derivatives of the fimction y= y(x, a), has components: 

0ý2 N-y (x,, a) c3i(xi, a) yj 2z 
Cr2 

k=1,2,..., M (Eq. C. 6) 
i=l i 

2N 

- 

[cy(x,, a) 63ý(x,, a) (Eq. C. 7) 2 'hl 
i 1w; -146 ik 

By defining: 

0 ,V 0-2X2 

2 -bk au =2c '41 
(Eq. C. 8) 

C kC 

then, Eq. CA can be rewritten as the set of linear equations: 

m 
aj&, (Eq. C. 9) 

This set is solved for the increments 8(x, , that are added to the current approximation 

to give the next approximation. 



In the case of the steepest descent method (Eq. C. 5), the set of equations is: 

i5a, = cons tan t xA (Eq. C. 10) 

Marquardt argued, that in order to scale the problem, Eq. C. 10 needs to be rewritten as: 

gal =IA (Eq. C. 11) Aall 

where the parameter X is a fudge factor correcting the scaling factor 
I 

all 
Marquardt's second insight was that Eqs. C. 9 and CA I can be combined by defining a 
new matrix a' as: 

at a- (1+A) 

(Eq. C. 12) 

a; k = ajk (i # 

Then, Eqs. C. 9 and C. II can be replaced by: 

m 
Eal', &, (Eq. C. 13) 

Given an initial guess for the set of fitted parameters a, the recommended Marquardt 

recipe is as follows: 

1) Compute Z'(a); 

2) Pick a modest value fork (say X =0.001) 

3) Solve the linear equations (Eq. C. 13) for 8a and evaluate 2(a + 5a); 
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4) If 22(a + 5a) ý! 22(a), increase 2, by a factor of 10 (or any other substantial factor) 

and return to step 3; 

IfZ'(a + 8a) <X'(a), decrease %by a factor of 10, update the trial solution a <-a+ 
8a, and go back to step 3; 

6) Stop the iterative procedure when the minimum in j has been reached. 

The complete evaluation procedure is given in Figure C. 1. 

Model to be fitted 

y= y(x, a) 

For N measurements 
N, Yi) 

andMparameters 
ak k=1,2, ..., M 

IfX 2(a + Sa)< X 2(a) 
Decrease X 

Update solution 
a=a+Sa 

I 

I Guess parameter vector aI If X 2(a + Sa) >= X 2(a) 
Inc 

I 

I Pick a modest value for 2,1 

Calculate minin-dsation function 
I Evaluate X 2(a + 5a) I 

'v [yi-y(xi, 
a) 

ai Solve the normal 
equabons for ba 

aýSaj 

Calculate partial derivatives 

,. 
ý I rdy(xi, 

a) dy(xi, a)l 

Set: 

N ri9y(x"a)l 

j 
aý =a,, (I+, t) jj 
aj'k. = ajk (j 

Figure C. 1 Flow diagram of the application of Levenberg - Marquardt method of 

non-linear regression. 
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APPENDIX D 

Gaussian Distribution 

For a peak of the form y= Ax) that follows a Gaussian distribution it holds: 

A X-4 
Y(X) exp - 2tx +yo 

7 W2 

where: xc = centre of the peak 

w= approximately the width of the peak at half height 

A= area under the peak 

yo = baseline offset 
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APPENDIX E 

Model Sensitivity Analy mi 

The sensitivity of all the mathematical models constructed in this study was evaluated 
by incorporating a fixed % error on the estimated model parameters. For demonstration 

purposes, the kinetic model of the isothermal cure of RTM6 resin was selected, as 

given in Section 4.4.1. The model is given by Eq. 4.9 and the estimated parameters in 

Table 4.5 for the Ryan - Dutta estimation procedure. 

A fixed error of 5% was incorporated in the model for each parameter in turn and the 

kinetic simulation was repeated for the isothermal cure of RTM6 resin at 140'C. The 

initially estimated values of the kinetic parameters, as these were given in Table 4.5, 

are shown in Table EA along with the parameters in the model sensitivity analysis. The 

simulated kinetics results of the effect of each kinetic parameter individually are shown 
in Figure E. 1- Figure E. 6 as plots of reaction rate against cure time. 

Table E. 1 Kinetic parameters used in the model sensitivity analysis of the kinetic 

model of the isothermal cure of RTM6 resin. 

Model Parameter 

ftom Table 4.5 

-5% 
+5% 

EI 1 E2 1 A2 

1.216 1 1.284 1 74.69 1 4.500-10' 1 58.37 1 1.300.1 

1.155 1 1.220 1 70.96 1 4.275- 106 1 55.45 1 1.235- 106 

1.277 1.348 78.42 4.725- 106 61.29 1.365- 106 

Combinations of two parameters changed simultaneously were also tested in order to 

check the effect upon the accuracy Of the fitting. The results of the effects of the pairs 

m/n and m/E, on the simulation are shown in Figure E. 7 and Figure E. 8 respectively. 
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Figure E. 1 Reaction rate of an isothermal cure of RTM6 resin at 140'C a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the parameters 

given in Table E. I 
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Figure E. 2 Reaction rate of an isothermal cure of RYM6 resin at 1400C a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the 

parameters given in Table E. I 
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Figure E. 3 Reaction rate of an isothermal cure ofRTM6 resin at 140'C. a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the 

parameters given in Table E. 1 
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Figure EA Reaction rate of an isothermal cure ofRTM6 resin at 140'C a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the 

parameters given in Table E. I 
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Figure E. 5 Reaction rate of an isothermal cure of RTM6 resin at 140'C a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the 

parameters given in Table E. I 
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Figure E. 6 Reaction rate of an isothermal cure ofRTM6 resin at 140"C a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the 

parameters given in Table E. I 
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Figure E. 7 Reaction rate of an isothermal cure ofRTM6 resin at 140"C. a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the 

parameters given in Table E. 1 
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Figure E. 8 Reaction rate of an isothermal cure ofRTM6 resin at 140'C a) Symbols: 

raw data from DSC experiments. B) Lines: simulation using Eq. 4.9 and the 

parameters given in Table E. I 



As can be concluded from the above figures, the kinetic model is rather insensitive to 

the reaction orders m and n (Figure E. 1 and Figure E. 2) and to the pre-exponential 
factors A, and A2 (Figure EA and Figure E. 6). The fitting of the kinetic model is still 

adequate despite the fact that the parameters have been changed by 5%. On the other 
hand, the effect of the activation energies values on the simulation is very significant. 
A 5% change in the values of the activation energies has a dramatic effect on the 

fitting. The activation energy E, (Figure E. 3), which represents the non-autocatalytic 

reactions, produces a large divergence at the initial stages of the cure. This is expected 

since the reaction rate constant k, represents the intercept of the plots given in Figure 

EA - Figure E. 8. The effect of the activation energy of the autocatalytic reactions E, 

(Figure E. 5) has a greater effect on the fitting than E,. This behaviour is a direct 

outcome of the exponential nature of the reaction rate constants (Arrhenius type). The 

lower the activation energy the higher the value of the exponent exp 
E. ) 

Since the Rý 

pre-exponential factors for both the autocatalytic and non-autocatalytic reactions, Aj, 

are similar (see Table E. 1), the relative weighting of each reaction on the total reaction 

rate will depend upon the activation energy. The lower the activation energy of a 

particular reaction, the greater the effect of that reaction on the overall reaction rate 

will be. Thus, a 5% decrease in the activation energy for autocatalysis will increase to 

the relative weighting of autocatalysis and will produce higher overall reaction rates. 
On the other hand, a 5% increase will reduce the significance of autocatalysis and will 

produce lower overall reaction rates. 

The high sensitivity of the kinetic models to the activation energies restricts the use of 

activation energies taken from the literature in any attempts of simulating the reaction 
kinetics behaviour of any epoxy/amine resin systems. As mentioned in Section 2.4.2, 

the values of the recorded activation energies for autocatalytic and non-autocatalytic 

reactions are within a range of 4-5 W/rnol of the estimated activation energies given in 

this study. The 5% error introduced here is within that range and as explained in the 

previous paragraphs produces a big divergence during the simulation. 
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Another interesting point that become apparent from the simulations given in the above 
figures is that a reduction in the estimated kinetic parameters produces an increase in 

the overall reaction rates, apart from the case of the pre-exponential factors, which 

produces the opposite effect. 

The combined effect of two kinetic parameters changed simultaneously can be seen in 

Figure E. 7 and Figure E. 8. The first figure shows the response of the kinetic model by 

decreasing the reaction order m and increasing the reaction order n and vice versa. 
Both simulations give a very good fitting to the experimental data suggesting that the 

increase of one of the reaction orders and the decrease of the other produces a zero net 

effect. The combined effect of the changes in the reaction order m and the activation 

energy of the non-autocatalysed reactions E,, is shown in Figure E. 8. The bigger effect 

of the activation energy in the simulations is still predominant. However, the response 

of the kinetic model shows higher reaction rates for higher activation energies, which 
is the opposite from the simulations with only the parameter Echanged (see Figure 

E. 3). 

Equivalent effects are expected to occur for all other kinetic models introduced in this 

study, because of the similar nature of the models themselves. This sample error 

analysis therefore represents a template for any similar specific error analysis. 


