
 

CURE KINETICS AND PROCESS MODELING OF A CARBON-FIBER 
THERMOPLASTIC-TOUGHENED EPOXY RESIN PREPREG 

 
 
 
 
 
 

A Thesis By 
 

Seyed Mostafa Sabzevari 
 

Bachelor of Science, Sharif University of Technology, 2005 
 
 
 
 
 
 
 
 
 

Submitted to the Department of Mechanical Engineering 
and the faculty of the Graduate School of 

Wichita State University 
in partial fulfillment of 

the requirements for the degree of 
Master of Science 

 
 
 
 
 
 
 
 
 
 
 

May 2010 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2010 by Seyed Mostafa Sabzevari 
All Rights Reserved 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iii 
 

CURE KINETICS AND PROCESS MODELING OF A CARBON-FIBER 
THERMOPLASTIC-TOUGHENED EPOXY RESIN PREPREG 

 
 

The following faculty members have examined the final copy of this thesis for form and content, 
and recommend that it be accepted in partial fulfillment of the requirement for the degree of 
Master of Science with a major in Mechanical Engineering. 

 
 

_________________________________ 
Bob Minaie, Committee Chair 
 
 
_________________________________ 
Krishna Krishnan, Committee Member 
 
 
__________________________________ 
Hamid Lankarani, Committee Member 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iv 
 

DEDICATION 
 
 
 
 
 
 
 
 
 
 
 

To my parents and my wife Sima 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



v 
 

ACKNOWLEDGEMENTS 
 
 

I would like to thank my advisor, Dr. Bob Minaie, for his help and support, and providing 

me with the opportunity to work in his laboratory and research group. I would also like to thank 

Dr. Hamid Lankarani and Dr. Krishna Krishnan for their willingness to serve on my thesis 

committee and Dr. Melanie Violette for providing helpful ideas during this study.  

I thank my colleagues and friends Seyed Alavi-Soltani, Alejandro Rodriguez, Mauricio 

Guzman, Ramin Ranjbar, Joey Schaefer, and the other students in Dr. Minaie’s research group 

for their help during this work as well as their friendship. A special note of appreciation goes to 

my friend, Johann Dorfling, for the time and effort he put into giving me feedback on this work. 

Finally, thanks go to my father – the best friend I have ever had – my mother, brother, 

sisters, and my wife Sima who have stood by me through the hard times and over miles. 

 

 
 
 
 



vi 
 

ABSTRACT 
 

 
It is well known that the mechanical performance and fracture behavior of a 

thermosetting composite is inherently determined by the properties and characteristics of its 

constituents. However, the performance and behavior is also drastically influenced by the 

viscoelastic properties and status of the material during the cure process. This brings about a 

need to possess knowledge of the cure history of any composite product. Such knowledge is 

attainable by monitoring the material response to temperature and pressure cycles throughout the 

cure process. Nevertheless, changes to the cure and, equivalently, the manufacturing process 

influences the final cost of a composite product, thus, making it crucial to select an optimum cure 

profile conducive to both the desired thermo-mechanical properties as well as minimum cost. 

The present work investigates the cure kinetics and process behavior of a commercial 

carbon-fiber thermoplastic-toughened epoxy resin prepreg, IM7/977-2 UD. Experimental data 

and theoretical models are mostly demonstrated in the form of cure time and temperature 

functions, f(t,T). A comprehensive cure map is constructed based on this data in order to provide 

all the necessary information for design of an optimum cure profile.  

Material properties are measured over a broad range of isothermal cure profiles using 

advanced analytical techniques such as shear rheometry and Differential Scanning Calorimetry 

(DSC). Shear rheometry is utilized to quantify some important viscoelastic properties, such as 

complex viscosity (η*), shear storage modulus (G′), and shear loss modulus (G″), as well as to 

identify important cure transitions like gelation and vitrification. Thermal properties are obtained 

using DSC. These include heat flow (dH/dt), glass transition temperature (Tg), and degree of 

conversion (α). Before performing DSC experiments it is necessary to know a material’s 



vii 
 

decomposition temperature, and this is obtained through the use of Thermogravimetric Analysis 

(TGA).  

Since the material studied in this work is a thermoplastic-toughened epoxy prepreg, a 

variety of discrepancies in comparison to the kinetics of neat epoxies are observed. These 

inconsistencies invariably show up as variations in the values of Tg, ultimate heat of reaction 

(HU), and rate of reaction (dα/dt). For the 977-2 material, it is concluded that the addition of the 

thermoplastic agent to the epoxy significantly affects the progress of chemical reactions in 

addition to imparting a step transition in the progress of Tg at elevated isothermal cure 

temperatures (Tcure ≥ 180 °C). Furthermore, it is concluded that the existence of fibers among the 

polymer monomers alter the flow-ability of resin molecules throughout the cure process, 

resulting in early vitrification and lower HU over the entire range of Tcure. The variations 

observed in the values of HU at various Tcure may result in either under- or overestimation of α 

regardless of the relationship utilized to calculate it. In addition, a unique one-to-one relationship 

is established between Tg and α. Regarding the uncertainties present in the calculation of α, it is 

concluded that Tg is a better estimate of the state of the material at every desired stage of cure.  
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CHAPTER 1 

INTRODUCTION 
 
 
During the past several decades, the widespread commercial use of composite materials 

has drastically increased in contrast to the traditional manufacturing materials like steel and 

aluminum. Nowadays, such technology has set foot everywhere – from tennis racquets and 

bicycle frames, to automobiles and entire aircraft fuselages. This can especially be seen in the 

aviation industry, where a transition from metallic materials to composites, in both structural and 

non-structural applications, is taking place. The desire of aircraft manufacturers to reduce weight 

and costs has made the use of such materials unavoidable.   

Among the variety of composite materials, epoxy-matrix reinforced composites have 

been of great interest, especially in demanding applications. Epoxy resins have been one of the 

most popular classes of versatile thermosetting systems due to the diversity of applications, ease 

of processing and handling, and outstanding physical and chemical properties. Desirable 

properties of epoxies include high strength, low creep, excellent corrosion resistance, low 

shrinkage after curing, no volatile byproducts, and excellent adhesion to the substrates [1,2,3]. 

However, the final composite product made of an epoxy resin usually suffers from insufficient 

endurances in z-direction properties, such as low impact resistance and fracture toughness.  

To overcome such drawbacks, many attempts have been made to modify epoxy resins 

and prepregs using additives and enhancements. The most effective modifiers used to impart 

high fracture toughness to the brittle epoxies include liquid reactive rubbers (elastomers), 

engineering thermoplastics, and core-shell particles [1,3,4,5]. Modification of epoxies may be 

performed by adding tougheners (rubbers or thermoplastics) to the resin, an interlayer of resin 

with the particles of rubbers or thermoplastics, a separate film consisting of a resin and an 
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elastomer, or only a thermoplastic to the surface of the prepreg [3]. Toughening of an epoxy 

using low-temperature materials like elastomers generally lead to a significant drop in modulus 

and thermal properties (such as glass transition temperature, Tg) in addition to some issues in 

processing due to the significant increase in prepolymer viscosity [1,4,5,6,7]. Thermoplastic 

tougheners may cause challenges in the fiber impregnation, the formability of the prepreg at 

room temperature, and a decrease in the solvent resistance. Since each material has its own 

advantages and disadvantages, it is vital to possess knowledge of the material characteristics in 

order to produce final products with the desired properties.  

The composite system studied in the present work was a commercial carbon-fiber 

thermoplastic-toughened epoxy resin prepreg, IM7/977-2 UD. In contrast to neat epoxies, this 

system includes the molecules of two additional materials – a toughening thermoplastic and 

carbon fibers. This may result in many inconsistencies and discrepancies when compared to the 

behavior of a pure system.  

In addition to the properties of the material constituents, cure kinetics and process 

behavior has a direct influence on the final properties of a composite product. Cure process of 

epoxies is a complex procedure requiring exact characterization skills. Numerous experimental 

techniques have been developed to characterize and model cure processes, and many attempts 

have been directed towards understanding the cure behavior of different compounds. These 

studies have mostly focused on the kinetics and behavior of neat resins in contrast to prepregs 

[8]. However, prepreg studies showed that the flow-ability of the resin in a composite prepreg 

significantly affects the rate of cure reaction. In other words, the presence of fibers in a thermoset 

prepreg reduces availability of the reactants participating in a chemical reaction and, 

consequently, results in lower rate of reaction and lower values of ultimate heat of reaction. 
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Other prepreg-related problems like moisture absorption, fiber sizing, and initial degree of 

conversion (B-staging) may vary the behavior of different properties during and/or after cure 

[2,8,9].  

With the ever increasing presence of new composite materials, it is necessary to 

investigate the effects of enhancements and to establish precise characterization and 

standardization techniques in order to bring forth the desired physical and mechanical properties. 

This work explored the cure kinetics and process behavior of IM7/977-2 UD prepreg using 

Differential Scanning Calorimetry (DSC) and shear rheometry. Typical applications of this 

system include primary and secondary aircraft structures, space structures, ballistics, cryogenic 

tanks, or any application where impact resistance and light weight is required. DSC and 

rheometry have been the most popular techniques for characterization of polymeric systems. 
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CHAPTER 2 

GENERAL BACKGROUND AND LITERATURE REVIEW 
 
 
2.1    Composite Materials 

Composite materials, or composites, are materials composed of two or more constituents 

that are bound together at a macroscopic level, are insoluble in each other, and may possess 

significantly different physical and chemical properties. Combination of constituents results in 

better performance and improvement in one or more aspects of physical/mechanical properties of 

the final product. Tailorability and high ratios of strength to weight are the most important 

advantages of composite materials.  

Typically, composites consist of at least two parts, the matrix phase or continuous matter, 

and the reinforcing phase or substrate. The reinforcing phase is the basement of a composite 

structure for obtaining superior properties and is usually in the form of fiber, particulate, or 

flakes. The matrix phase surrounds and protects the reinforcements by retaining them in their 

relative positions. Even though the reinforcements serve as the principle load-bearing members 

and play a dominant role in determining the mechanical performance of composites, the matrix 

contributes many essential characteristics to the final structure.  

In a composite structure, the matrix binds the fibers together and protects them from 

environmental damages, such as abrasion and corrosion. The matrix also determines the final 

shape of the composite product and governs the factors associated with the fabrication process. 

Since matrices have relatively inferior mechanical properties in contrast to the reinforcements, 

one of their most important functions is to transmit loads to the fibers to create promoted 

endurance capabilities for the whole structure. The most common properties of composites 

influenced by the matrix phase include tensile transverse modulus and strength, shear modulus 



5 
 

and strength, compressive strength, interlaminar fracture toughness, damage tolerance, impact 

resistance, thermal expansion coefficient, thermal resistance, and fatigue strength. These 

attributes imply the importance of the matrix phase in a composite structure [10,11,12,13,14].  

2.2    Polymer Matrix Composites 

The matrix phase of a composite system may be selected from different categories 

depending on the performance and the desired properties. Composites can be classified based on 

the type of the matrix as follows: 

 Metal Matrix Composites (MMCs)  

 Polymer Matrix Composites (PMCs) 

 Carbon-Carbon Composites (CCCs) 

 Ceramic Matrix Composites (CMCs)  

Polymer Matrix Composites (PMCs) are the most advanced commercially produced 

composites due to their simple processing techniques, low costs, and high strength to weight 

ratios. PMCs consist of a polymer matrix (also called resin solution) reinforced by micro-

diameter fibers. There is a wide variety of polymers used in PMCs, each one hold some 

advantages and disadvantages in application.  

Polymers are categorized into thermoplastics and thermosets. Thermoplastics are 

polymeric structures, most often solid at room temperature, which can be softened, reshaped, and 

recycled as many times as desired at higher temperatures, either with or without applying 

pressure. Molecules in a thermoplastic polymer are connected by weak intermolecular forces 

such as van der Waals forces and hydrogen bonds. Due to these weak intermolecular 

connections, a thermoplastic can be reformed and reprocessed using elevated temperatures and 

pressures. The solidification of these polymeric systems during cooling is governed by chain 
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extensions, leading to a linear or linear-branched pattern of chains instead of cross-linking by 

chemical reactions. Some basic characteristics of thermoplastics include high fabrication 

temperature, unlimited shelf life, reprocess-ability, short cure cycles, excellent solvent resistance, 

ease of repair, high impact strength and high fracture resistance (high strains to failure). 

In contrast to thermoplastics, thermosetting polymers are generally liquid at room 

temperatures, and during a process known as curing, transforms to an insoluble and infusible 

solid. Accordingly, reprocessing of a thermoset after curing is not possible. From a microscopic 

point of view, the insoluble and infusible property of a cured thermoset stems from the existence 

of strong covalent intermolecular bonds among the molecules and molecular chains (due to 

cross-linking by chemical reactions). The cure process of thermosets proceeds by chemical 

reactions leading to formation of a three-dimensional network of covalently bonded molecular 

chains. In general, thermosetting polymers decompose during heating and cannot be reset, 

dissolved or melted. The common characteristics of thermosetting matrices include definite shelf 

life, long cure cycles, lower fabrication temperatures than thermoplastics, fair solvent resistance, 

low strains to failure and poor damage tolerance [10,12,13,14]. 

2.3    Thermosetting Matrix Composites  

Even though thermosetting polymers exhibit poor damage tolerance and low strains to 

failure in contrast to thermoplastics, they have been the dominant matrix material used in the 

composite industry over the past several decades. The difficulties associated with the fabrication, 

and especially the wetting process of continuous fibers at high temperatures due to the high melt 

or solution viscosities of thermoplastics, gave priority to the thermosetting resins. Thermosets 

have traditionally been used as the matrix material in fiber-reinforced composites as a result of 

their good wet-out ability between the matrix and the fibers. This characteristic extensively 
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affects the fiber-matrix interaction as an essential factor to promote the mechanical performance 

of the final product [13].  

Thermosetting resins are largely being used in filled or reinforced form such as pre-

impregnated fiber reinforced composites, also known as prepregs. The most common 

thermosetting polymers include epoxy, unsaturated polyester, vinyl ester, polyimide, and 

phenolic. Each of these materials imparts a variety of properties to the final product. Fiber 

reinforced epoxy prepregs are suitable for high-tech applications, especially in aerospace 

industries. Epoxies are characterized by outstanding adhesion properties, good resistance to 

chemicals and solvents, good mechanical properties, low shrinkage, and ease of processing. 

Epoxy matrix prepregs are oven/autoclave cured systems using isothermal cure processes. The 

temperature is kept constant for a determined amount of time, typically under a pressurized 

condition. The cure process of epoxy resins involves the chemical transformation of low 

molecular weight liquids to high molecular weight amorphous solids.  

2.4    Cure Process  

The transformation of a liquid thermoset to a glassy solid by chemical reactions is called 

curing. For epoxies, the cure reaction is a repeated procedure of ring-opening of epoxides, 

adding molecules, creating highly weighed molecular chains and, eventually, a highly cross-

linked network [2]. At a microscopic scale, curing is a series of complex events including chain 

extension, branching, and cross-linking by chemical reactions. During this process, polymer 

chains of low molecular weight convert to a three-dimensional network of extremely large cross-

linked chains. Figure 1 represents a schematic diagram of the cure progress in thermosets.  The 

existence of cross-linking in a molecular network results in rigidity, good solvent resistance, high 
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strength, and good thermal and oxidative stability. However, cross-linking imparts low fracture 

toughness and impact resistance to thermosets which is the biggest drawback of these matrices.  

 

Figure 1. Schematic diagram of the cure process of thermosetting systems. 

There are three stages during cure of an epoxy known as A, B, and C- stages (Figure 2). 

The first is the A-stage consisting of monomers only (uncured stage) which is generally 

identified by low viscosity, solubility, fusibility, and ability of the resin to wet and impregnate 

the bundles of fibers. A-stage also refers to the time when resins are manufactured and able to 

flow, either with or without the application of heat. At the B-stage, monomers start to form 

molecular chains by means of covalent bonds. The B-stage corresponds to a vitrified and 

partially cured state, prior to gelation, i.e., before the formation of an infinite three-dimensional 

network created by cross-linking among the molecular chains. Prepregs are generally advanced 

to this stage. Higher viscosities at the B-stage enable easy handling and processing of prepregs 

and composite layers.  Oven/autoclave curing may be followed by applying heat and pressure 

profiles at this phase. The C-stage or fully cured phase is the final state of cure. Resin is no 

longer soluble and fusible at this level and turns to a consolidated glassy structure. C-stage 
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encompasses the final characteristics representing an irreversible, insoluble, and infusible 

composite structure [3,10,11,15]. 

 

Figure 2. Progress of cure in an epoxy resin, (a) A-stage: unreacted 
monomers and molecules, (b) B-stage: onset of the linear chain extension 
and branching up to the gel point, (c) gelation: incipient formation of 
infinite cross-linked network, (d) C-stage: fully cured thermosetting 
structure [15]. 

As mentioned above, the cure of epoxy resins involves the transformation of low 

molecular weight liquids to high molecular weight amorphous solids by means of chemical 

reactions resulting in the formation of a three-dimensional cross-linked network. There are two 

major transition regions during the transformation of the material from the viscous liquid to an 

amorphous solid: the transition from the liquid to rubbery state and, subsequently, from the 

rubbery state to a glassy solid. The former transition, which is the incipient formation of the 

infinite cross-linked structure under a sudden and irreversible phenomenon, is called gelation 

[16]. Gelation is the most distinguishing characteristic of thermosetting resins and represents a 
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physical change in mechanical properties without revealing any effect through chemical 

reactions during cure [15,17]. As cure reactions proceed, the growth of the molecular chains 

continues towards the construction of an absolute infinite network leading to another transition 

known as vitrification. Vitrification marks the time at which the chemical reaction changes from 

the kinetic controlled mechanism to the diffusion controlled [18]. As such, after vitrification, the 

reaction rate dramatically drops and Tg of the material approaches a constant value, which, 

depending on the cure temperature, may or may not be equal to the final glass transition 

temperature (Tg∞) [19]. A good understanding of gelation and vitrification is necessary to 

characterize a thermosetting system and to design and optimize a cure profile.  Such knowledge 

can be represented in the form of a comprehensive cure graph known as the isothermal Time-

Temperature-Transformation (TTT) cure diagram [18,19,20,21,22,23].  

2.5    Isothermal Time-Temperature-Transformation (TTT) Cure Diagram 

The isothermal TTT cure diagram is a useful framework for understanding and analyzing 

the behavior of material during a variety of isothermal cure profiles. The diagram was first 

proposed by Gillham (1974) to study the cure process of epoxy resins [24]. A TTT cure diagram 

is constructed by plotting many different cure events, such as gelation and vitrification, versus 

cure time over a wide range of constant cure temperatures (Figure 3).  Additional cure 

information such as carbonization or thermal degradation curve, iso-conversion, iso-viscous, and 

iso-Tg contours may also be added to such a graph [25]. A TTT cure diagram demonstrates the 

state of the material, based on Tg or degree of conversion (α), at any stage of the cure process.   
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Figure 3. A typical isothermal TTT cure diagram for a thermosetting 
system. 

2.5.1    Construction of a TTT Cure Diagram 

As previously mentioned, a TTT cure diagram describes the phase transition behavior of 

a thermosetting system over a wide range of cure times and temperatures. To construct such a 

cure map and to put these concepts on a more quantitative basis for better understanding, it is 

necessary to define and describe several cure properties which have to be derived from 

experimental data.  

2.5.2    Gelation 

Gelation is the most distinguishing characteristic of a thermoset [15], identified by an 

abrupt and irreversible transition from a viscous liquid to an elastic gel state. After gelation, the 

material loses its ability to flow and be processed. This phenomenon is one of the most important 

properties of thermosetting systems with regards to their storage and work life and processing 

framework. Gelation marks the approximate point in time during autoclave curing until which 

pressure needs to be maintained over the composite product so as to release volatiles and 
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decrease the void content. As the cure reactions proceed, monomers and molecular chains start to 

branch and become linked together. This increases the molecular weight of polymeric chains 

dramatically towards an infinite value and, equivalently, an infinite viscosity [15,16,26].  

The time of gelation can macroscopically be detected using various techniques. Gelation 

is a physical transition in the status of the material and does not slow down the cure progress (the 

rate of reaction remains unchanged). This means that gelation is not detectable using the 

techniques which are sensitive to the chemical reactions only like Thermo-Mechanical Analysis 

(TMA) or DSC [16]. Consequently, gelation has generally been defined based on experimental 

data obtained from dynamic mechanical experiments. Some of these definitions include the point 

at which shear storage modulus (G′) and shear loss modulus (G″) cross over (tanδ = G″/G′ = 1) 

in a dynamic rheometry experiment, the time to reach a certain value of viscosity, and the 

frequency-independent point in a series of dynamic mechanical/rheological measurements 

accompanied by a small rise in elastic modulus (E′) or G′. These definitions will be used later in 

this work to investigate the discrepancies in the values of gel times based on various definitions. 

On a microscopic scale, gelation takes place at a well-defined state of cure, independent 

of the temperature, and dependent on the stoichiometry, functionality, and reactivity of the 

reactants. For condensation systems, such phenomenon typically appears between 55% to 80% 

conversion. This range reduces to much lower values in the case of high functionality and free-

radical initiated systems [15,16]. According to Flory’s theory (1953), for a given epoxy system, 

gelation occurs at a certain critical conversion value (αg), regardless of the cure temperature 

[2,27,28,29,30]. Flory’s expression was utilized in this work to distinguish the behavior of the 

neat epoxy resin from the toughened system.  
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2.5.3    Vitrification 

The progress of chemical reactions in an epoxy resin significantly decreases by the 

transition of cure reactions from the kinetically controlled to the diffusion controlled mechanism. 

This transition has been identified as vitrification and is a completely distinct phenomenon from 

gelation. Vitrification is the formation of a glassy structure due to an increase in Tg from below 

the isothermal cure temperature, Tcure, to above it as a result of cure reactions. Therefore, 

vitrification is defined as the point where Tg of the growing chains becomes equal to the cure 

temperature (Tg = Tcure) [15,19]. The occurrence of vitrification during cure depends on how far 

Tcure is from Tg∞. As shown in Figure 4, for isothermal cure profiles where gelTg < Tcure < Tg∞, 

vitrification is the onset of conversion from the rubbery phase to the glassy solid (gelled glass). 

In the case of Tcure < gelTg, vitrification occurs as a transition from the liquid phase directly to the 

glassy solid without any intermediate state like gel or rubber. This event does not occur if Tcure > 

Tg∞.   

 

Figure 4. A typical isothermal TTT cure diagram representing phase 
transitions and state of the material during cure. Vitrification depends on 
Tcure relative to Tg∞ [3]. 
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The transition of the material structure to the glassy phase results in the control of cure 

reaction by the diffusion mechanism and, equivalently, the decrease in the rate of reaction. It 

should be noted that unlike gelation, the phenomenon of vitrification is reversible by heating. In 

the case of partially cured thermosets, kinetic control of cure reaction may be reestablished by 

heating and devitrifying the glassy structure. Vitrification is detectable by means of thermal and 

viscoelastic experiments. It can be seen as a step transition in the heat capacity data using a 

Modulated-Temperature DSC (MTDSC) or as a transition to the plateau value in E′ or G′ curves 

in DMA or rheometry measurements [15]. 

2.5.4    Glass Transition Temperature 

 Glass transition temperature is one of the most important characteristics of polymeric 

materials. In an amorphous or a semi-crystalline polymer, the temperature during heating at 

which the structure of the material transforms from a glassy to a rubbery state is defined as the 

glass transition temperature. Amorphous polymers are brittle and hard at temperatures below Tg 

and, depending on the molecular weight and/or degree of cross-linking, become either elastic 

rubbery or liquid at temperatures above Tg. In the case of semi-crystalline polymers, Tg marks the 

point at which the brittleness rises significantly during cooling at temperatures far below the 

melting point [31]. Glass transition temperature thus represents the points at which a reversible 

physical change from a glassy to a rubbery state, or vice versa, takes place. In a crystalline solid, 

this temperature is referred to as the melting point where the structure transforms from a 

crystalline solid to an amorphous liquid.  

Design, manufacture, and performance of a thermosetting composite depend significantly 

on Tg of the matrix after the cure process. Composite products cannot be processed at 

temperatures above Tg and their exposure to thermo-mechanical stresses has to be constrained by 
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Tg, since a wide range of properties undergo significant changes at this point. Such properties 

include the heat capacity (Cp), coefficient of thermal expansion (CTE), hardness, modulus, 

volume, etc. Variations in these properties can be measured to identify the glass transition 

region.  

The Tg can be determined using several well-established techniques. The difference 

between these techniques lies in the physical property utilized to detect the transition region and, 

the manner in which the desired signal is produced and tracked. Differential Scanning 

Calorimetry (DSC), Thermo-Mechanical Analysis (TMA) or Dilatometry, Dynamic Mechanical 

Thermal Analysis (DMTA) and Spectrometry (NMR and ENDOR) are techniques capable of 

detecting Tg by tracking the changes in heat capacity, coefficient of thermal expansion, physical 

properties (elastic or viscous modulus, stress relaxation modulus), spin-lattice relaxation times, 

and electron nuclear dipolar interactions, respectively [19, 32]. Due to the variety of Tg detection 

methods, some researchers attempted to compare the values of Tg obtained from different 

techniques [31,32]. Results from a broad study by Rieger (2001) demonstrated that the value of 

Tg not only depends on the definition and the physical technique by which Tg has been 

determined, but also on the thermal history of the samples [31].  

In addition, from a microscopic point of view, Tg inherently depends on the molecular 

structure of the polymer. Tg is a basic polymer property that determines the viscosity and the 

relaxation behavior of the macromolecular systems [33]. As an example, for a given epoxy 

system during cure, Tg rapidly increases with increasing molecular weight up to a certain point, 

and then levels off to a plateau value.  The variation of Tg for amorphous and semi-crystalline 

polymers with various thermodynamic and molecular parameters such as chain length, 

flexibility, branching, intermolecular forces, molecular weight, and pressure have been studied 
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extensively by many researchers [33,34,35,36].  Besides the fact that the behavior of Tg is 

influenced by a variety of parameters for a particular resin system, this behavior will become 

more complex when a blend of two or more systems has to be studied. Many new commercial 

resins contain modifiers like elastomers (rubbers) or engineering thermoplastics to improve the 

z-directional properties like fracture toughness in traditional thermosets. The addition of such 

components to the original resin system affects both mechanical and thermal properties, 

including Tg. In the case of blended matrices, Tg of the final system depends on the curing agent, 

modifier, and composition of the blend [5,7,37]. The final Tg of the blends can theoretically be 

predicted using the well-known Gordan-Taylor equation [37], whereas the Tg of partially cured 

systems is too complicated to be determined using this relation [19,22,23]. This study presents 

the variation of Tg as a function of cure time and cure temperature for IM7/977-2 UD prepreg 

using a DSC instrument. 

As the chemical reactions of the thermosetting polymers proceed during cure, Tg 

increases from the value of uncured reactants (Tg0) to the maximum value of a fully cured 

network (Tg∞) [23]. Tg0 is the initial glass transition temperature at which no chemical reaction 

occurs because the reactive species are immobilized in the glassy state, and is usually used as the 

storage temperature. Tg∞ is the final glass transition temperature of the system corresponding to 

the fully cured state without any residual reaction. At the early stages of curing, before 

vitrification, chemical reactions are kinetically controlled, conducting molecular chains to 

branch, bond, and cross-link together at a high rate. This causes a relatively fast increase in the 

values of Tg. After vitrification, Tg increases gradually at an extremely low and decreasing rate, 

eventually reaching a plateau value. The final plateau value of Tg depends on Tcure. For 
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isothermal cure profiles where Tcure is well below Tg∞, the final Tg remains a perceptible distance 

from Tg∞, and never reaches it. The maximum value of Tg of a given material is Tg∞. 

2.5.5    Decomposition (Degradation) 

Decomposition or degradation is a chemical phenomenon at which a substance breaks 

down to smaller compounds, or its constituent elements, by chemical reactions. Various 

environmental conditions, such as heat, humidity, radiation, or acidity of a solvent, can result in 

decomposition. Thermal decomposition occurs during heating, and the temperature at which this 

happens is called the decomposition temperature. If the cure temperature exceeds this value 

during the cure process of a thermosetting system, the material starts to decompose instead of 

polymerizing and cross-linking. Care has to be taken that this is avoided in DSC measurements 

during dynamic cycles. Decomposition temperature can be measured by TMA as the point where 

the material loses a certain percentage of its weight while being heated.  

2.5.6    Degree of Conversion 

The state of the material during cure due to cross-linking reactions and polymerization 

can be assessed using a cure property defined as the degree of conversion, α. The degree of 

conversion is a measure of cure progress of a partially cured system with respect to the fully 

cured network. A large number of studies has modeled, predicted, and correlated the cure 

behavior and mechanical properties of composites using α as well as its time derivative, i.e., the 

rate of reaction (dα/dt). The modeling of cure progress is one of the most efficient techniques to 

predict the material behavior and to follow a certain path towards achieving the desired 

mechanical properties.  

In a thermosetting resin, α at any stage of cure can be calculated by dividing the amount 

of heat energy released up to time t by the ultimate heat of reaction, HU. At least three different 
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methods were found in the literature for the calculation of α. The major difference among these 

definitions is the methodology used to calculate the partial or ultimate heat of reaction. This is 

due to the complexity and inconsistency of the heat flow results obtained from DSC for different 

cure profiles. This study showed that the value of HU varies considerably depending on the cure 

profile for IM7/977-2 UD prepreg. 

Several studies used the following relation to calculate α as a function of cure time 

[8,9,38,39,40,41].  
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In this equation, H(t) is the heat of reaction up to time t, dH(t)/dt is the rate of heat generation 

(heat flow), and HU is the ultimate heat of reaction obtained from the DSC dynamic scans. For 

isothermal cure profiles, eq. (1) can be used only if the values of HU from the dynamic and 

isothermal scans do not vary significantly. In other words, since HU has been obtained from a 

dynamic scan and used on behalf of the value directly from the corresponding cure profile, it has 

to be constant or at least follow a consistent descending/ascending trend when the isothermal 

cure temperature decreases/increases. Otherwise, the values of final conversion will become 

unreliable when plotted versus the cure temperature.  If so, there is a possibility to see higher 

final conversions at lower cure temperatures in contrast to the final conversions at higher 

temperatures. In addition, H(t) has to be obtained from isothermal cure profiles with infinite cure 

times (t∞) in order to establish the heat flow baseline and to calculate the final conversion at 

every cure temperature. 

Unlike eq. (1) where α(t) was calculated based on the heat energy released up to time t, 

some other authors rearranged this relation to estimate α using the residual heat of reaction (HR) 

as shown in eq. (2) [19,42].  
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Here HR is the residual heat obtained from the partially cured samples with different isothermal 

cure times and HU is the ultimate heat of reaction attained from the dynamic scan.  

These researchers believed that the calculation of α using HR result in more accurate α 

estimations in contrast to H(t) which has to be obtained from experiments with infinite times. As 

can be deduced from eq. (2), this technique will significantly increase the number of experiments 

since every single data point requires its own separate experiment. Several experiments with 

preprogrammed cure times have to be conducted at each isothermal cure temperature in order to 

measure the corresponding residual heat and, consequently, to calculate α(t). In contrast, eq. (1) 

gives α(t) by performing only a single experiment. The best approach is to use eq. (2) to find 

some conversion data points to assess the validity of the data obtained using eq. (1). In addition, 

eq. (2) is the best technique available to calculate α for highly complicated cure profiles such as 

multi-stage cure cycles. 

Cure of thermosetting resins at Tcure less than Tg∞, even with infinite cure times (t∞), result 

in lower values of ultimate heat (Ht at t∞) in comparison to the value of HU obtained from the 

dynamic scans.  Accordingly, with reference to eq. (1), a modified cure parameter β which is 

called the “isothermal degree of conversion/cure” was introduced by Hubert (2001) and Kim 

(2002) [8,43].  
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In eq. (3), Ht is the ultimate heat of reaction from an isothermal cure profile with infinite cure 

time (Ht at t∞) which does not account for the residual heat of reaction. The ultimate value of β 

for every isothermal cure profile is equal to one. The parameter β was introduced to facilitate the 
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modeling of cure behavior using many kinetic models previously established. Many traditional 

cure models assumed that the ultimate value of conversion at the end of every cure profile with 

infinite cure time is equal to one (except those that defined a critical conversion, αc). Rearranging 

eq. (1) using eq. (3) gives the relationship between α and β, 
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where Ht /HU is defined as the relative maximum degree of conversion, αr, to be used in cure 

kinetic models. 

In a thermosetting prepreg, the resin is most often pre-reacted to the B-stage for ease of 

handling and processing. Therefore, the initial degree of conversion (α0) of the resin at t = 0 is 

nonzero. Depending on the type of resin and the manufacturing process, α0 can be a value 

between 0.02 and 0.05. For the B-staged prepregs, the values of conversion can be modified 

using the following relation [3,9]:  

)()1()( 00 ttm  (5) 

where α(t) is the degree of conversion based on eq. (1), α0 is the initial degree of conversion in a 

B-staged prepreg, and αm is the modified degree of conversion. Several trials were performed to 

investigate the variation of αm using different values of α0 from zero to 0.1. As can be seen from 

eq. (5), αm only changes significantly at the early stages of cure when α is far below unity. 

Furthermore, αm at lower isothermal temperatures is more sensitive to higher values of α0.  

Here in this study, the calculation of α as a function of cure time and cure temperature, 

α(t,T), was  performed using eq. (1) utilizing the value of HU obtained from the dynamic scans. 

These values were not modified using eq. (5) since no information of the initial degree of 

conversion of the prepreg was available. 
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2.6    Viscoelasticity 

Viscoelastic materials exhibit rubber-like behavior and possess time-dependent properties 

like creep and stress relaxation. During cycling loads, such behavior results in the dissipation of 

mechanical energy in hysteresis loops due to the molecular rearrangements. Polymers are one of 

the most well known viscoelastic systems. These materials show a combination of elastic and 

viscous behaviors in response to mechanical deformations. The viscous response is the 

characteristic of liquids, proportional to the rate of deformation (strain rate,  ), which represents 

the amount of energy lost by dissipation. The elastic response is the characteristic of solids, 

proportional to the deformation (strain, ), and represents the portion of energy that can be 

recovered. The response of a viscoelastic material to applied load depends on both the amount 

and the rate of deformation. In the linear viscoelastic region, which can usually be ensured when 

small deformations are applied, it is common to model the viscous response using a dashpot 

)(   and the elastic response using a spring ( G ). Several spring-dashpot configurations 

have been proposed to model the behavior of various viscoelastic systems under different load 

conditions. Some of these models are the Maxwell model, the Kelvin–Voigt model, and the 

Standard Linear Solid model. For thermosetting polymers during cure, the viscoelastic response 

is an extremely complex function because of the change in the state of the material due to cross-

linking. Dynamic-mechanical-oscillation instrumentations are commonly used to study the 

viscoelastic behavior. These instruments can apply oscillatory deformations and measure the 

induced stresses. For the thermosets, it is necessary to possess knowledge about the viscoelastic 

properties in order to achieve the optimum cure profile.  

Viscoelastic properties reported in this work, such as G′ and G″, were obtained using a 

shear rheometer within the linear viscoelastic region. A linear viscoelastic region is a limit under 
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which all the viscoelastic properties are time- and temperature-dependent only and independent 

of the magnitude of the imposed stress/strain. Small levels of applied strain/stress ensure linear 

viscoelasticity. The linear viscoelastic region can be characterized using a strain/stress sweep test 

method, and plotting the complex shear modulus (G*) or the complex viscosity (η*) against the 

applied strain/stress values. The response of a viscoelastic material is within the linear region 

until G* or η* deviates by more than 10% from the plateau value. 

2.7    Experimental Techniques 

In the past few years, thermal and dynamic-mechanical analyses have been the most 

popular experimental techniques used to investigate and characterize the cure process of 

thermosetting materials. Viscoelastic behavior of materials has been studied using dynamic-

mechanical-oscillation instrumentations that possess the most practical ability for this purpose. 

Thermal analysis, based on various chemical and thermodynamic fundamentals, has been 

utilized to study the behavior of matter as a function of temperature.  

A dynamic mechanical analyzer is a term associated to any kind of device used to study 

the viscoelastic response of a specimen under free resonant or forced oscillation load.  Using a 

dynamic-mechanical instrument, a variety of oscillatory deformations such as shear, flexural, 

tensile, or compression can be introduced to the specimen. Plots of storage modulus, loss 

modulus, viscosity, and tanδ as a function of time/temperature are indicative of viscoelastic 

characteristics and thermal advancement of the material as it changes with temperature. In 

addition to dynamic-mechanical-oscillation techniques, thermal instrumentations have also been 

powerful tools in the characterization of the cure behavior. Chemical reactions and transition 

regions are part of the practical knowledge precisely detectable using thermal equipment. Some 

of the most famous characterization techniques of polymers are as follows: 
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 Nuclear Magnetic Resonance (NMR) 

 Fourier Transform Infra-Red Spectroscopy (FTIR) 

 Differential Scanning Calorimetry (DSC) 

 Thermal Scanning Rheometry (TSR) 

 Thermo-Mechanical Analyzer (TMA) 

 Thermogravimetry Analyzer (TGA) 

 Dynamic Mechanical Analyzer (DMA) 

During this study, DSC, shear rheometry, and TGA were used to characterize the cure 

kinetics of IM7/977-2 UD prepreg. 

2.8    Kinetic Models 

There have been a number of mathematical expressions used to model the cure kinetics of 

various epoxy resins. Kinetic equations are usually classified into mechanistic (fundamental) and 

phenomenological (empirical) models. Mechanistic models are based on the material 

characteristics and detailed analysis of the chemical reactions involved in the cure process. These 

usually require a complete understanding of the cure chemistry. Mechanistic models account for 

variation in the resin formulation. However, their cure parameters are difficult to obtain as well 

as to set up the model. In contrast, the phenomenological models are made to fit experimental 

data only, without providing any knowledge about the path of reaction, and with minimal effort 

to describe such behavior. Even though mechanistic models are more accurate, 

phenomenological models have mostly been preferred.  Since there is usually a lack of 

information of the molecular structure of the cure system due to proprietary restrictions, efforts 

have been directed towards establishing phenomenological models [2,3,8,44,45].  
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Kinetic models are typically first order nonlinear partial differential equations that relate 

the rate of reaction, dα/dt, to some functions of cure time, cure temperature, and degree of 

conversion, α. Basically, dα/dt is assumed to be directly proportional to the rate of heat 

generation [8,45,46]: 
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where dα/dt is the rate of reaction, HU is the ultimate heat of reaction, t is the reaction time,  and 

dH/dt is the rate of heat generation or simply heat flow. 

The general expression used to represent a phenomenological model has the form of eq. 

(7), in which K(T) is a function of cure temperature only and, defined by eq. (8), known as the 

Arrhenius rate constant [3,19,44,47]: 

 
)()( fTK

dt
d

 
(7) 

RT
Ea

AeTK )(  
(8) 

In eq. (8), A is the pre-exponential factor which is independent of the cure temperature, R is the 

universal gas constant (8.314 J/mol.°K), Ea  is the apparent activation energy of the cure 

reaction, and T is the temperature [°K].  

In eq. (7), f(α) is called the conversion function that describes the shape of the heat flow 

curve and reflects the type of reaction. For epoxy resins, the mechanism of the cure reaction can 

be in the form of an nth order, a autocatalytic, or a combination of these two. In an nth order 

reaction, the rate of reaction starts from a maximum point, and monotonically decreases toward 

zero. In contrast, in an autocatalytic reaction, the rate of reaction at α = 0 is equal to zero. In 

addition, autocatalytic reactions exhibit a maximum rate of reaction at the early stages of cure 
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due to the formation of autocatalysis (an intermediate product which catalyze succeeding 

reactions).  

The nth order reactions are identified by exhibiting maximum rate of reaction at α = 0 and 

not taking into account the autocatalysis which is a common phenomenon during cure of the 

epoxy systems. Kinetic models based on nth order reactions give good fits to the experimental 

data only in a limited range of conversion. The general form of the nth order kinetic model is 

given by eq. (9), where n is the reaction order [3,44,45,46,48]. 

nf )1()(  (9) 

By substituting eq. (9) into eq. (7), it can be seen that the rate of reaction monotonically 

decreases with the progress of cure reaction. In case of the 1st order cure reaction (n = 1), dα/dt 

shows a linear decreasing behavior which is dependent on the cure temperature only. 

In the autocatalytic reactions, the maximum rate of reaction occurs in the intermediate 

stages of cure at about 30-40% conversion [3,45,46]. 

nmf )1()(  (10) 

Here n and m are reaction orders which have to be determined using the experimental data. Eq. 

(10) results in a bell-shape curve for dα/dt when plotted versus the cure time. Figure 5 illustrates 

the kinetic behavior of both nth order and autocatalytic reactions [3].  
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Figure 5. The progress of heat flow versus cure time. (a) nth order and (b) 
autocatalytic reactions [3]. 

Autocatalytic models have been used extensively by many authors in different forms to 

predict the cure kinetics of various epoxy systems. These models vary depending on the initial 

and/or final value of dα/dt and α.  

One of the most famous kinetic models of the thermosetting systems was proposed by 

Kamal (1974) [45,46,49]. This equation, eq. (11), takes into account the kinetics of those 

autocatalytic reactions where the initial rate of reaction at α = 0 may not be zero. 
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In eq. (11) K1 and K2 are both Arrhenius rate constants and m and n are the reaction orders. 

Kamal’s model is known to fit experimental data for epoxy and unsaturated polyester systems 

well [49]. However, this expression does not satisfy the conditions where the cure reaction 

terminates before a complete conversion is achieved (This is due to the presence of vitrification 

during the cure reactions). Eq. (11) was later modified to take into account the final values of α 

that are less than unity [44,45,50,51]. Eq. (12) presents this modified equation, where αf is the 

maximum achievable degree of conversion at a given cure temperature. 
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In addition, some other authors proposed kinetic models using a diffusion factor that 

explicitly accounts for the transition of cure mechanism from kinetically controlled to diffusion 

controlled (eq. (13)) [2,46,52]. 
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Here α and αc are two temperature-dependent empirical constants. A similar autocatalytic 

equation including the diffusion factor can be written as given by eq. (14) [51]. 
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In this equation, C is called the diffusion constant, αco is the critical degree of conversion at 

absolute zero temperature, and αCT is the degree of conversion that accounts for the increase in 

the critical degree of conversion of resin with temperature. 

Referring back to eq. (2), replacing the Arrhenius equation (eq. (8)), and taking the 

natural logarithm gives eq. (15); rearranging gives eq. (16). 
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Eq. (16) will become a constant expression if α is a constant value. This comes from the fact that 

f(α) depends on α only and dα/dt is the first derivative of α with respect to the time. Using this, 

eq. (16) can be utilized to calculate the pre-exponential factor (A) and the apparent activation 

energy (Ea) of the cure reactions without any need to explicitly describe f(α). In the present 

study, iso-conversion and iso-Tg contours were constructed by equations similar to eq. (16) using 

experimental data obtained from DSC and shear rheometry.  
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CHAPTER 3 

METHODOLOGY AND EXPERIMENTAL SETUP 
 
 
Cure behavior of a polymeric system like epoxy can be characterized using experimental 

techniques like thermal and rheological analyses. Over the past several decades, DSC and 

Rheometry have been the most practical methods for this purpose. In the present work, both DSC 

and rheometry were used to study the cure kinetics of IM7/977-2 UD Prepreg.  

3.1    Material 

The material studied in this work was IM7/977-2 unidirectional (UD) prepreg, a 

commercial carbon-fiber reinforced thermoplastic-toughened epoxy resin prepreg manufactured 

by Cytec. The matrix is CYCOM® 977-2 resin, a 177 oC curing thermoplastic-toughened epoxy 

resin with 126-138 oC dry and 104 oC wet service capability. 977-2 resin is formulated for 

autoclave or press molding. Its shelf life is 12 months at -18 oC and 42 days at 22 oC. Typical 

applications include aircraft primary and secondary structure, space structure, ballistics, 

cryogenic tanks, or any application where impact resistance and light weight is required. 

Prepregs made by 977-2 resin have a long mechanical outlife appropriate for fabrication of large 

structures [53]. 977-2 is the resin system used extensively in the construction of modern aircraft 

like the Airbus A380 and Boeing 787 [54].  

The reinforcement is HexTow® IM7 carbon fiber. IM7 is a continuous, intermediate 

modulus, high performance, PAN-based (polyacrylonitrile) fiber manufactured by Hexcel. This 

fiber has been surface treated and can be sized to improve its interlaminar shear properties, 

handling characteristics, and structural properties. IM7 is suitable for prepregging, weaving, 

pultrusion, braiding, and filament winding [55]. 



29 
 

3.2    Rheometry  

In this study, dynamic-mechanical-oscillation experiments were performed using a shear 

rheometer. ASTM D4473 and D4065 give complete information about these experiments. The 

shear rheometer was used to deform the specimens of the composite prepreg in the shear mode. 

The following section describes different features of such an instrument. 

3.2.1    Shear Rheometer 

An “AvPro ATD CSS 2000” (known as APA 2000) encapsulated-sample shear 

rheometer was used to investigate the viscoelastic properties of IM7/977-2 UD prepreg. The 

APA 2000 analyzer is a dynamic-mechanical-rheological tester specifically designed to test 

viscoelastic materials at a wide range of strains, frequencies, and temperatures. The instrument is 

capable of measuring the angular response of dynamic stimuli for various test methods, such as 

cure, stress relaxation, frequency sweep, strain sweep, temperature sweep, etc.   

APA 2000 deforms the prepreg samples between two parallel plates in the shear mode 

(biconical die sets can also be installed on the instrument which was not the case in this study). 

Dies are grooved to prevent slippage during the test. When the dies are closed, a cavity with a 

volume of only 4 to 6 cm3 is formed in which a sample is tested. Each die has a diameter of 41.3 

mm and the gap in between is set to 2.583 mm. A digitally controlled direct drive motor drives 

the lower die with sinusoidal oscillations over a programmed range of frequencies and strains. 

The upper die is stationary and connected to a torque transducer which measures the torque 

transmitted through the sample due to the applied deformation. This setup is referred to as a 

strain-controlled system due to the installation of input/output measuring equipment (motor and 

transducer) on two separate dies (Figure 6).  This arrangement eliminates the noise from the 

drive system on the lower die.  
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Figure 6. The configuration of Motor/Transducer in APA 2000 Shear 
rheometer, called a strain-controlled system [56]. 

The transmitted torque measured by the torque transducer is the complex torque (S*) 

since it is not in-phase with the strain signal applied to the sample. This complex torque consists 

of an elastic (S′, in-phase with the strain) and a viscous component (S″, 90 degrees out-of-phase). 

Software installed on the instrument separates S* into S′ and S″ by applying a Fourier Transform 

function. Fourier Transformation also improves the signal-to-noise ratio. The elastic and viscous 

torque components (S′ and S″) will later be converted to G′ and G″ by multiplying their values 

with the proper die form-factor and dividing by the strain amplitude. 

Prepreg specimens undergo temperature cure profiles identical to those of an autoclave 

using APA 2000. The rapid changes in viscoelastic properties (such as G′ and G″) at particular 

times (or temperatures) are commonly referred to as the viscoelastic transition regions. Such 

transitions can be in the shape of a step, peak, or a valley. Quantitative and qualitative analyses 

of these transition regions result in the determination of various cure properties including 

minimum viscosity, gelation, vitrification, and Tg of the composite materials. 
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3.2.2    Rheometer Sample Preparation 

For the rheometry experiments, prepreg plies were laid up at room temperature with the 

stacking sequence of [0/90] S7 consisting of 28 plies. These were punched using a hydraulic press 

machine and a steel die with a diameter of 37.8 mm. Rheometry samples with an average 

thickness of 3 mm and weight of 6.5 g were stored in sealed plastic bags in a freezer at -20 oC.  

3.2.3    Rheometer Cure Profile 

A typical temperature cure profile used with the APA shear rheometer is shown in Figure 

7. The profile initiates with rapid heating at a maximum rate of 28.9 oC/min towards the desired 

isothermal cure temperature, Tcure.  Isothermal curing continues for a predetermined amount of 

time referred to as the dwell time. The dwell time for each Tcure is defined based on the relative 

values of Tcure and Tg∞. The further Tcure is below Tg∞, the longer the dwell time needs to be. 

After isothermal curing, the temperature is gradually decreased to room temperature at a rate of 5 

oC/min. Specimens are usually kept at room temperature for a while to capture the properties of 

the material at this temperature. If a measurement of Tg of the material is also desired, a ramp up- 

ramp down temperature cycle may also be applied at the end of each cure profile. A glass 

transition temperature test cycle starts from room temperature: the specimen is heated at a rate of 

5 ºC/min to 220 oC, at which point heat is again removed such that the specimen is cooled at 5 

ºC/min back to room temperature. The shear loss modulus is plotted on either a linear or 

logarithmic scale against the cure temperature or cure time during the heating cycle. A sudden 

drop in the value of G′ on this plot marks the post-cure Tg. 
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Figure 7. A typical temperature cure profile used in rheometry experiments. 

3.2.4    Rheological Measurements 

Cure behavior and rheological properties of IM7/977-2 UD prepreg were obtained in 

accordance to the following ASTM test methods: 

 ASTM D 4473–03: Standard Test Method for Plastics: Dynamic Mechanical 

Properties: Cure Behavior. 

 ASTM D 4065–01: Standard Practice for Plastics: Dynamic Mechanical 

Properties: Determination and Report of Procedures. 

 ASTM E 1640–04: Standard Test Method for Assignment of the Glass Transition 

Temperature by Dynamic Mechanical Analysis. 

These test methods are applicable to both thermosetting resins and prepregs. According to the 

ASTM standards, the most important viscoelastic properties include: 

 G′  : Shear storage (elastic) modulus  

 G″  : Shear loss (viscous) modulus  
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 tanδ  : Tangent of the angle δ known as the “damping index” 

 G*  : Complex shear modulus   

 *  : Complex viscosity  

Plots of these properties versus the cure time or temperature display the thermal 

advancement of the material during cure and provide a graphical demonstration of elasticity and 

damping as a function of cure time or temperature. Subsequently, cure characteristics like 

gelation, vitrification, and Tg are obtainable by the analysis of these data. These characteristics 

are essential factors to complete the cure map for any kind of thermosetting system.  

Rheometry experiments were carried out under strain-controlled conditions with a strain 

amplitude of less than 1% and frequency of 1Hz (this strain amplitude meets the conditions for 

linear viscoelasticity). Tests were conducted under isothermal cure profiles ranging from 115 °C 

to 188 °C with 5.6 °C increments. Each test was subjected to pressure (2000-4000 KPa) and 

sufficient cure time to ensure that final conversion was achieved (up to 1500 minutes depending 

on the cure temperature). Final conversion is guaranteed when the storage modulus levels off to a 

plateau value. 

3.3    Thermal Analysis 

Thermal analysis encompasses analytical and experimental techniques for the study of 

the thermal behavior of materials.  In the case of polymer composites, thermal analysis can 

provide some basic information regarding composition, chemical reactions, and phase transitions 

during and after cure.  

3.3.1   Differential Scanning Calorimetry 

Differential Scanning Calorimetry, or DSC, is the most popular and widely used 

instrument for obtaining experimental data concerning the reactions and transitions taking place 
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as the material undergoes changes with temperature. Referring to the first law of 

thermodynamics, DSC measures the difference in heat flow between a sample and an inert 

reference as a function of time and temperature.  

During DSC measurements, any exothermic or endothermic fluctuation in a plot of heat 

flow against time or temperature indicates the occurrence of an event either in the temperature 

profile, or the status of the material. In the case of temperature profile, the fluctuations may be 

due to events such as cooling. Typical transitions in the status of the material  during cure may 

include Tg, crystallization, melting, curing (cross-linking), and the onset of oxidation or 

decomposition as shown in Figure 8. 

 

Figure 8. Various observable transitions obtained from DSC during heating 
of a polymer [57].  

In this work, thermal experiments were carried out on samples of IM7/977-2 UD prepreg 

using a “TA Instruments” Q2000 DSC. Before the test, the instrument was calibrated with a 

high-purity indium standard reference sample. Dry nitrogen (99.99 % purity) was used as a purge 

gas with a constant flow rate of 50 mL/min.  
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3.3.1.1   DSC Sample Preparation  

Samples with a weight of about 12 mg were prepared and clamped in standard Tzero 

aluminum pans manufactured by TA Instruments. Similar empty pans were also used as a 

reference. Samples were then cured directly in the DSC furnace.  

3.3.1.2   DSC Measurements  

To investigate the behavior of Tg and α as functions of cure time and cure temperature, 

DSC measurements were carried out using isothermal and dynamic scans, or a combination of 

these two. During an isothermal scan the temperature of the sample is maintained at a constant 

value. In contrast, a dynamic scan takes place at a constant heating rate. A typical DSC cure 

temperature profile plotted against cure time is shown in Figure 9. This profile consists of an 

isothermal cure cycle and two dynamic scans. Cure profiles similar to the one in Figure 9 can be 

utilized to measure both Tg and α of the isothermally cured samples. 

 

Figure 9. A typical DSC temperature cure profile consisting of an 
isothermal cure cycle and two dynamic scans.  
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The first part of Figure 9 is an isothermal cure cycle. DSC uses high heating rates (100 

oC/min) to get to the desired isothermal cure temperature, at which point the temperature is 

stabilized and maintained at a constant value. Extremely high heating rates are necessary to 

prevent the dissipation of cure energy during heating from room temperature to the desired Tcure. 

DSC isothermal cure experiments were conducted at different Tcure with different dwell 

times, depending on both Tcure and the property which was being measured (Tg or α). For Tg 

measurements, samples were partially cured in the DSC furnace at Tcure ranging from 140 °C to 

200 °C with increments of 10 °C. Dwell times were varied from as little as 5 minutes to more 

than 1000 minutes in order to determine Tg as a function of cure time and cure temperature, 

Tg(t,T). Similar experiments were carried out for measurement of α. However, in the case of α, 

dwell times were theoretically an infinite value (t∞) to ensure the maximum achievable 

conversion at each Tcure.  

The cure profile in Figure 9 includes two dynamic scans as well. The first dynamic scan 

was to determine the Tg and/or the residual heat of reaction (HR). Since the temperature of the 

sample exceeds its Tg during dynamic scanning, further cure reactions may take place. In other 

words, the chemical reactions may re-initiate after Tg until the material reaches a final conversion 

(Figure 10). The second dynamic scanning was to ensure the completeness of chemical reactions 

and that no more residual heat remained.  

Dynamic scanning was carried out over a temperature interval from -20 oC to 290 oC. As 

shown in Figure 9, DSC samples were cooled down to the sub-zero temperatures after isothermal 

scanning and before the dynamic cycles. Quenching down to the sub-zero temperatures is 

necessary, particularly for the samples with low Tg. To measure Tg, according to the ASTM 

standard, samples should be scanned over temperature intervals from 50 °C below to 50 ºC 
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above Tg. This gives the sample enough time to explicitly reveal the Tg step transition during 

dynamic scanning. Therefore, samples were stabilized at -20 °C before every dynamic scan.  

Partially cured samples were quenched down to lower temperatures at an extremely high 

rate to prevent post-cure reactions during cooling. On the other hand, fully cured samples were 

cooled at lower rates since the cure reactions were complete. It is well known that samples 

vitrified (Tg > Tcure) for prolonged cure times may undergo sub-Tg physical annealing within the 

glass transition region [3,19,58,59]. In these cases, cooling with lower rates helps with the 

elimination of the endothermic annealing peak which complicates the assignment of Tg and 

measurement of HR. 

The upper temperature limit in dynamic scanning, 290 °C, was well below the 

decomposition temperature of the material. For DSC during dynamic scans, the temperature of 

the sample should not exceed its decomposition temperature in order to prevent the 

contamination of the DSC cell.  

Two different heating rates were selected for dynamic scanning depending on the 

property being measured. It was experimentally understood that the determination of HR requires 

lower heating rates than those used to measure Tg. Lower heating rates give the material more 

time to accomplish the residual cure reactions within the temperature interval from -20 oC to 290 

oC.  HR measurements were carried out at 3 oC/min. This was specified after several trials at 

different heating rates. In contrast, Tg measurements were carried out at 10 oC/min according to 

ASTM E 1356-03, “Standard Test Method for Assignment of the Glass Transition Temperature 

by Differential Scanning Calorimetry”. It should be noted that the value of Tg changes slightly by 

varying the rate of heating. 
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As mentioned above, in a dynamic scan, vitrified samples with prolong cure times may 

exhibit an endothermic annealing peak in the glass transition region. If an endothermic annealing 

peak is observed in any case, the sample has to be quenched down to sub-zero temperatures 

quickly and reheated at a similar rate. This reduces the effect of an annealing peak on Tg and HR 

measurements [19]. A typical endothermic annealing peak is shown in Figure 10. 

 

 

Figure 10. Samples vitrified for prolonged cure times (Tg > Tcure) may 
undergo a sub-Tg physical annealing within the glass transition region. 

Figure 11 describes the rate of heat generation or heat flow (dH/dt) plotted against the 

cure time during a DSC cure profile at Tcure = 180 oC. The data was normalized to one gram of 

sample to eliminate the effect of sample size on the results. This feature illustrates various cure 

events such as isothermal cure exothermic peak, glass transition region, and the residual 

exothermic peak. The exothermic peaks specify the heat energy released by the chemical 
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reactions during cure. These concepts were later used to calculate both the total and residual heat 

of reaction.  

As discussed previously, Tg of the material at every stage of cure can be obtained through 

dynamic scanning. In general, the glass transition region shows up as an endothermic shift in the 

plot of heat flow or heat capacity (Cp) versus the cure time or cure temperature. During this 

study, Tg was defined as the temperature corresponding to the half height of the step transition 

when heat flow is plotted versus cure time. 

 

Figure 11. Heat flow plotted against cure time showing various cure events 
during a DSC cure cycle at Tcure = 180 oC. 

In the case of the cure cycle shown in Figure 11, the material underwent two glass 

transition regions. The first transition identifies Tg of the isothermally cured sample whereas the 

second indicates the maximum obtainable Tg.  This Tg is not necessarily equal to Tg∞. It was 

observed that the maximum obtainable Tg is sometimes different from Tg∞, especially for 

partially cured samples with small dwell times. For these samples, no additional chemical 
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reactions were observed above Tg during the second dynamic scan . Experiments similar to that 

indicated in Figure 11 were conducted with partially cured specimens to calculate Tg as a 

function of cure time and cure temperature.  

3.3.2   Themogravimetry Analysis 

Thermogravimetry Analysis, or TGA, is another technique appropriate for the 

characterization of material properties. TGA measures the weight loss (or weight gain) of a 

sample as it undergoes a temperature change (some materials gain weight as they react with the 

atmosphere). A material can lose weight while being due to either a simple event like drying, or 

complex events like chemical reactions (decomposition, oxidation, re-hydration, etc). TGA gives 

information about the thermal stability, oxidative stability, and composition of multi-component 

systems by measuring the weight variation of a material in a controlled environment. This 

knowledge is necessary to design temperature profiles for various objectives. 

In this study, the decomposition temperature of the material was obtained using a “TA 

Instruments” Q5000 TGA. For every new polymeric system, it is necessary to run a TGA 

experiment before conducting any DSC tests to determine the decomposition temperature of the 

material. This should be done to prevent contamination of the DSC cell due to sample 

decomposition. In addition, results from DSC are not valid if the sample losses more than 5% of 

its weight due to decomposition. 

Before the test, the instrument was calibrated for both weight and temperature. The 

furnace temperature was calibrated with the high-purity nickel standard reference in accordance 

with the calibration procedure in ASTM E 1582 (Standard Practice for Calibration of 

Temperature Scale for Thermogravimetry). Dry nitrogen (99.99 % purity) was used as a purge 

gas with a constant flow rate of 100 mL/min. Weight calibration was achieved by using two 
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standard high-temperature silver and gold pans. Experiments were conducted at room 

temperature with 70% humidity. 

In order to measure the decomposition temperature of IM7/977-2 UD prepreg, samples 

with a weight of 20 mg were heated inside the TGA furnace from room temperature to 1000 °C 

at 10 °C/min. A mass loss of 1% observed in a plot of the mass loss versus temperature was 

selected as the onset of decomposition. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION 
 
 

4.1    Rheological Analysis 

As mentioned in previous chapters, cure characteristics of polymeric materials can be 

identified using viscoelastic properties like dynamic shear moduli, G′ and G″. Typical events 

during cure of an epoxy resin include minimum viscosity, gelation, vitrification, and a plateau 

region. Knowledge of these events is useful in the interpretation and explanation of the variation 

of properties such as void content and mechanical and thermal properties of the final product. 

Accordingly, the final properties of a composite product can thus be optimized by modifying the 

(temperature and pressure) cure profiles using this information.  

Figures 12-14 demonstrate the various cure events in a plot of G′ and G″ versus time 

during an isothermal cure of IM7/977-2 UD prepreg. As seen in these graphs, the minimum 

viscosity region takes place in the early stages of the cure process. An increase in temperature 

initially reduces the viscosity of the material by increasing the kinetic energy of the polymer 

molecules. At this stage, no cross-linking has occurred among the molecular chains and reaction 

sites are either inactive or only slightly activated. Beyond the minimum viscosity region, the 

formation of polymer macromolecules and cross-linking significantly decreases the molecular 

mobility and, consequently, causes a sharp rise in the viscosity of the system towards an infinite 

value. This marks the onset of gelation and the formation of 3D networks of cross-linked 

molecular chains with infinite viscosity. This point is indicated in Figures 12-14. The chemical 

reactions at gelation are still highly active, but the continued progression of chemical reactions 

causes a decrease in molecular mobility due to a lack of reactants in the chemically active 

regions. This transforms the mechanism of the cure reactions from the kinetically controlled to 
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the diffusion controlled. Vitrification is defined as the point at which this transition takes place. 

After vitrification the material properties do not undergo significant changes and almost all time-

dependent cure properties move towards a plateau region as a result. 

 

Figure 12. Variation of G′ and G″ with cure time during and after 
isothermal curing at Tcure = 160 oC.  
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Figure 13. G′ and G″ versus cure time on a semi-logarithmic scale during an 
isothermal cure at Tcure = 180 oC with the cure characteristics highlighted 

 

Figure 14. G′, G′/ G*, and G″/G* plotted against cure time at Tcure = 180 oC 
on a semi-logarithmic scale. 
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One of the simplest and most accurate methods in the characterization of cure properties 

is to utilize a normalized cure diagram (Figure 14). Within the linear viscoelastic region, the 

relationship between the dynamic shear stress and strain is as follows [48]: 

0

0* )(tG
 

(17) 

where γ0 is the maximum of the dynamic shear strain or the strain amplitude, τ0(t) is the 

maximum of the dynamic shear stress or the stress amplitude, and |G*| is the magnitude of the 

complex shear modulus. In addition, the strain energy of a deformed system can be measured 

from the area under the stress curve in the stress-strain diagram. In this work, strain-controlled 

rheometry experiments were carried out within the linear viscoelastic region. This implies that γ0 

was constant for every oscillation (constant amplitude dynamic deformations) and, therefore, 

|G*| is a measure of the total strain energy of the system within each oscillation. G′ and G″ are 

related to G* by the fundamental formulations of viscoelasticity: 

)cos(*GG  (18) 

)sin(*GG  (19) 
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(20) 

where δ is the phase angle or the phase lag between the dynamic stress and strain. Materials with 

lower viscosity will have larger δ’s. The magnitudes of the cure properties (G′, G″) were 

normalization by |G*|:  

)cos(/ *GGGn  (21) 

)sin(/ *GGGn
 

(22) 
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The representation of the data in Figure 14 in comparison to Figures 12 and 13 reveals the 

differences between a normalized and a regular cure diagram. Cure characteristics are clearly 

identifiable from the explicitly magnified transitions in a normalized cure diagram. However, the 

cure events should initially be identified from the original cure diagram to find the time 

corresponding to various cure events. Considering a normalized cure diagram without this 

knowledge can lead to mislabeling of the gelation or the minimum viscosity point.  

Isothermal cure experiments were carried out over a range of temperatures from 116 °C 

to 188 °C with 5.6 °C increments using an APA shear rheometer in order to study the 

viscoelastic properties of IM7/977-2 UD prepreg,. The variation of normalized shear moduli with 

cure time at different isothermal temperatures is shown in Figures 15 and 16. Moreover, Figure 

17 shows the variation of tanδ versus the cure time. Higher values of this ratio is evidence of 

lower viscosities and therefore higher values for the viscous proportion of the system.  
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(a) 

 
(b) 

Figure 15.  Normalized storage modulus (G′/G* or cosδ) at different Tcure 
versus: (a) cure time and (b) logarithm of cure time. 
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(a) 

 
(b) 

Figure 16. Normalized loss modulus (G″/G* or sinδ) at different Tcure 
versus: (a) cure time and (b) logarithm of cure time. 



49 
 

    
(a) 

    
(b) 

Figure 17. Damping index (G″/G′ or tanδ) at different Tcure versus: (a) cure 
time and (b) logarithm of cure time. 
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As seen in these figures, the time corresponding to different cure events continuously 

increase (or decrease) by decreasing (or increasing) the isothermal cure temperature, Tcure (except 

for the minimum viscosity point which occurs at a certain temperature during initial heating for 

all experiments and is therefore independent of Tcure). In addition, the values corresponding to 

the apex of the peaks and the bottom of the valleys characterizing various cure events change 

with a change in Tcure. This implies that not only does the time corresponding to different cure 

events vary due to changes in Tcure, but the status of the material at different cure events is also 

affected by changes in Tcure. Figures 15-17 clearly show that both gelation and vitrification take 

place at more viscous stages when Tcure is decreased. The change in vitrification, however, is 

larger in contrast to the change in gelation. Overall, the cure process at lower Tcure results in 

lower values of α due to less branching and cross-linking among the polymer molecular chains. 

This affects the status of the material at different cure events such that more viscous-like 

properties are observed at lower Tcure and more elastic-like properties at higher Tcure. 

4.1.1    Gelation  

For thermosetting systems, the time of gelation (or gel time) has always been of great 

interest in cure analysis. This is attributable to the fact that after gelation the viscosity of the 

material drastically increases and polymer molecules lose their ability to flow. In this work, the 

discrepancies between various definitions commonly used to determine the gel time of a 

thermosetting system were investigated. These results are based on the viscoelastic data obtained 

from an APA 2000 shear rheometer.  

The gel time can be defined using the viscoelastic properties as [2,29,60]: 

 The point at which viscosity steeply rises and tends to infinity. 

 The point at which G′ cross-passes G″ or, equivalently, tanδ = 1. 
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 The maximum point in the plot of tanδ versus cure time.  

 The point at which tanδ rapidly drops (after the maximum point in the previous 

definition). 

Figure 18 illustrates the gel time at different Tcure based on the abovementioned 

definitions. As seen in this figure, different definitions resulted in slightly different gel times at 

the same Tcure. However, the results converge to the same values when Tcure increases towards 

Tg∞ (195 °C). 

When Tcure is low, the rate of reaction is low as well. This causes a gradual progress in 

the chemical reactions and, consequently, a longer cure time for the completion of all cure 

reactions. The longer cure time implies that the viscoelastic properties expand over a longer 

period of time magnifying any discrepancy between the results from the different definitions, 

thus leading to the dissipation of the values of gel time at low Tcure seen in Figure 18. The 

opposite is also true in the case of elevated Tcure near Tg∞ where the rate of reaction is 

significantly higher and cure properties evolve rapidly – the points corresponding to the various 

definitions is confined to a much smaller area leaving less room for any differences to be 

reflected in the results.  
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Figure 18. Gel time versus Tcure based on the various definitions of gelation. 

Figure 19 presents the degree of conversion at the time of gelation (αg) versus Tcure based 

on the different definitions of gelation. Despite the fact that, for epoxy systems, gelation occurs 

at a certain critical conversion regardless of the cure temperature (according to the Flory’s 

theory), for the current resin system none of the gelation definitions lead to a constant value for 

αg [2,25,27]. As Figure 19 shows, αg increased with increasing Tcure. Similar behavior was 

observed for another epoxy system by Núňez [25].  

For epoxy resins, eq. (23) has generally been used to describe the behavior of cure 

properties [18,28]. 

)()/( fAe
dt
d RTEa  (23) 

where A is the pre-exponential constant, T is the isothermal cure temperature, Ea is the apparent 

activation energy for the overall cure reaction, R is the universal gas constant, and  f(α) is the 
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conversion function independent of the cure temperature. Rearranging eq. (23), integrating from 

α = 0 to α = αg, and taking the natural logarithm gives:  

RT
EtA

f
d a

g

g

lnln
)(

ln
0

 (24) 

Eq. (24) is constant for a constant αg. This equation can be used to model the behavior of gel 

time versus cure temperature as well as to calculate Ea. However, unlike Núňez’s point of view, 

this equation is not applicable to resin systems like 977-2 where gelation does not occur at a 

constant αg.  

 

 

Figure 19. Degree of conversion at the time of gelation (αg) versus Tcure 
based on the various definitions of gelation. 

4.1.2    Complex Viscosity 

During the cure process, control of resin viscosity is one of the most effective ways to 

optimize resin infiltration in fibers bringing about improved densification in shorter times [39]. 
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In an oscillatory experiment the measured viscosity is the complex viscosity, η*. For IM7/977-2 

UD prepreg η* was calculated from the following equations using measurements of the 

viscoelastic properties G′ and G″ [9,61]: 

j*  (25) 

/G  (26) 

/G  (27) 

where η* is the complex viscosity,  η′ and η″ are the real and the imaginary (dynamic) parts of 

the viscosity, respectively, and ω is the angular frequency. According to the Cox-Merz rule 

(1958), shear viscosity )(  and complex viscosity η*( ) can be assumed equal, ignoring the 

distinction between the linear behavior in small amplitude oscillatory tests and the non-linear 

behavior in steady shear tests [62]. 

2/122* ))/()(()()( G  (28) 

 where   is the shear rate in the above equation.  

Figure 20 illustrates the behavior of η* versus cure time at different Tcure on a logarithmic 

plot. This figure shows that the time corresponding to minimum viscosity is the same for all cure 

cycles. As mentioned before, this is because the viscosity of the prepreg reaches a minimum 

value during rapid heating (29 °C/min) towards the desired isothermal temperature. The point at 

which the viscosity steeply rises and tends to infinity is considered as the gel time [41,63]. Figure 

21 shows the value of viscosity at the onset of infinite viscosity plotted against Tcure. As it can be 

seen, gelation occurs at a mean viscosity of η* = 186 ± 16 KPa.s, with errors representing one 

standard deviation, regardless of the cure temperature. 
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Figure 20. Complex viscosity (η*) versus cure time at different Tcure on a 
logarithmic scale. 

 

Figure 21. Complex viscosity (η*) at gelation versus Tcure. The onset of 
infinite viscosity was considered as the gel time. 
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4.1.3    Vitrification 

Vitrification can be calculated using either thermal or viscoelastic properties. Using  

viscoelastic properties, the time of vitrification can be determined based on various definitions, 

such as [64]: 

 The inflection point before the plateau in a plot of G′ versus cure time. 

 The maximum point before the plateau in a plot of G″ versus cure time.  

 The onset of the plateau in a plot of G′ versus cure time. 

Figure 22 shows the time of vitrification versus Tcure corresponding to the various 

definitions. As observed in this figure, the results obtained based on the first two definitions 

overlap, but they differ from the values corresponding to the third definition by about 50 min 

throughout.  

At vitrification, the cure reaction reaches its final stage with the transformation of the 

cure mechanism from the kinetically controlled to the diffusion controlled. This results in a 

perceptible decrease in the rate of reaction. Unlike gelation, where the rate of reaction changes 

significantly with changes in the cure temperature, the cure reaction at vitrification reaches 

steady state and the rate of reaction no longer depends on the cure temperature. It thus follows 

that any difference between the results obtained from the different definitions will be constant 

over the cure temperature interval.    
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Figure 22. Time to vitrification versus Tcure based on the various definitions 
of vitrification. 

Figure 23 shows the degree of conversion at the time of vitrification (αv) versus Tcure 

based on the three different definitions. As shown in this figure, αv increases with increasing 

Tcure. Like gelation, Ea of the cure reaction cannot be calculated using the reaction rate equation 

(eq. (24)) for IM7/977-2 UD prepreg.   
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Figure 23. Degree of conversion at the time of vitrification (αv) versus Tcure 
based on the various definitions of vitrification.  

4.2   Thermal Analysis 

Experimental results from the thermal experiments are represented in this section. Data 

includes the behavior of heat of reaction, α, and Tg. The cure kinetics are explained and modeled 

using the kinetic rate equation (eq. (7)) introduced in Chapter 2.   

4.2.1    Heat of Reaction 

One of the main purposes of this work was to measure α at every stage of the cure 

process. As discussed previously, α is defined based on the amount of heat energy evolved by the 

chemical reactions during cure. The major issue in this regard was the variation of the ultimate 

heat of reaction, HU. It was observed that HU slightly changes from one case to the other for 

various cure cycles. In fact, the value of HU obtained from a constant heating rate experiment 

(dynamic scanning) is not necessarily equal to the value obtained from an isothermal cure cycle. 
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Here, to illustrate the variation of HU under different experimental conditions, several isothermal 

and dynamic scans were carried out on the DSC samples of IM7/977-2 UD prepreg.  

4.2.1.1    Heat of Reaction from Dynamic Scanning 

For the dynamic scans, DSC samples were exposed to two identical heating cycles. These 

heating cycles started from -20 oC up to 290 oC at a rate of 1 oC/min, as shown in Figure 24. The 

heating rate was selected to be 1 oC/min in order to give the material sufficient time to complete 

the cure reactions within the temperature interval. The second cycle was performed to ensure the 

completeness of the cure reactions and non-existence of residual heat.  

 

Figure 24. Dynamic scanning of DSC samples in order to calculate the 
ultimate heat of reaction, HU. 

Figure 24 illustrates the progress of chemical reactions during dynamic scanning. As 

shown, the material tends to degrade at higher temperatures after reaching the exothermic peak 

in the first ramp, and after the glass transition region in the second ramp. This is identified by an 
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increase in the heat flow. This increase in heat flow is also due to a larger heat capacity (Cp) as a 

result of the change in the state of the material from liquid to solid through the progression of 

chemical reactions. The behavior of heat flow during the second cycle and after Tg confirms that 

the chemical reactions were completed. It should be noted that the discontinuity in the heat flow 

data between the two temperature cycles in Figure 24 represents the time in which the sample 

was cooled.  

HU was calculated by finding the area enclosed by the heat flow curve and a linear 

baseline through integration. This linear baseline was drawn from the beginning of the 

exothermic peak to the minimum value after the peak (i.e. to before the subsequent increase in 

the heat flow curve). The average value of HU at 1 oC/min from 5 tests was calculated to be 146.4 

± 1.0 J/g for this prepreg system, with errors representing one standard deviation. It should be 

noted that this value is for the prepreg system composed of both fibers and resin. In order to 

calculate HU for the pure resin, the resin mass-content of the prepreg was measured using the 

acid digestion technique based on ASTM D3171, “Standard Test Methods for Constituent 

Content of Composite Materials”. Possessing 33.2% resin mass-content, HU of the pure resin was 

found to be 441.0 ± 3.1 J/g. 

4.2.1.2    Heat of Reaction from Isothermal Scanning 

As previously mentioned, the amount of HU determined experimentally depends on both 

the heating rate (dT/dt) and the isothermal cure temperature. For an isothermal cure cycle, HU is 

defined as the summation of the total isothermal heat of reaction at infinite cure time, Ht, and the 

corresponding residual heat, HR [2,40].  

RtU HHH  (29) 
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Figure 11 in the previous chapter showed that the exothermic peak occurred during the 

early stages of the cure process. Ht was calculated by integrating for the area enclosed by the 

exothermic heat flow peak and a line extending from the plateau region at infinite time, t∞. In 

other words, the plateau value at t∞ was assumed as the zero baseline. HR was obtained in a 

similar fashion as was done for HU in a dynamic scan, again using a linear baseline. Based on eq. 

(29), HU at each isothermal cure cycle is simply equal to the sum of the abovementioned values. 

The variation of Ht, HR, and HU at Tcure ranging from 130 °C to 200 °C with 10 °C increments is 

shown in Figures 25-27. At least two tests were run at each Tcure. Samples were selected from the 

same batch of material and tested within a limited period of time. Thermoset prepregs and 

particularly the prepared DSC samples stored in a freezer for long times undergo vitrification 

even at the sub-zero temperatures. 

 As shown in these figures, lower values of Ht and, consequently, higher values of HR, 

were obtained for samples cured at Tcure far below Tg∞. This result is explained using the fact that 

lower cure temperatures do not activate all reaction sites within the material. Moreover, the 

existence and higher values of HR at lower Tcure is evidence of incomplete cure reactions, even at 

infinite cure times.  



62 
 

 
(a) 

 

 
(b) 

Figure 25. Isothermal heat of reaction (Ht) at different Tcure. (a) Data 
distribution and (b) mean values with errors representing one standard 
deviation. 
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(a) 

 
(b) 

Figure 26. Residual heat of reaction (HR) obtained by post-curing of 
isothermally cured samples, corresponding to different Tcure. (a) Data 
distribution and (b) mean values with errors representing one standard 
deviation. 
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(a) 

 
(b) 

Figure 27. Ultimate heat of reaction (HU) at different Tcure. (a) Data 
distribution and (b) mean values with errors representing one standard 
deviation. Dashed lines represent the upper and lower limits of HU from 
dynamic scans within one standard deviation. 
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Figure 27 illustrates the discrepancy between the values of HU obtained from dynamic 

scans and those from the isothermal cure cycles. As seen in this figure, HU at Tcure greater than or 

equal to 160 °C remains close to the value of HU obtained from the dynamic scans, with the 

exception of the samples at Tcure = 180 °C. Below Tcure = 160 °C, HU obtained from the 

isothermal cure cycles drops well below the dynamic scan value.  

It is also observed that the amount of heat (per unit mass of the material) given off by the 

evolution of the chemical reactions during cure may vary even for identical samples with 

identical cure cycles. It is believed that, at Tcure above 160 °C, this discrepancy is due to slight 

variation in the resin and fiber content from one sample to another. In the case of the samples 

cured at lower Tcure the reduction in HU is a result of early vitrification which prevents the 

advancement of chemical reactions by separating the non-activated reaction sites from the fully 

or partially vitrified zones. This limits the re-initiation of cure reactions during post-cure 

dynamic scanning.  

4.2.1.3    Inconsistency in Heat of Reaction for the Samples Cured at Same Tcure 

For further investigation into the reason for inconsistency in the results of HU, the 

progress of chemical reactions for 5 identical samples cured at Tcure = 190 °C is shown in a plot 

of heat flow versus cure time in Figure 28. It can be seen in this figure that the discrepancy 

among the values of Ht (and, subsequently, HU) is predominantly due to the exothermic peak of 

reaction. The exothermic peak occurred at approximately the same time for all samples. 

However, the maximum value is different in each case. Such behavior may originate from 

variation in concentration of monomers in each sample that subsequently affects the total amount 

of heat released. Figure 29 shows the variation of α for these samples using eq. (1) and the value 

of HU from dynamic scans. 
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Figure 28: A plot of heat flow versus cure time at Tcure = 190 °C showing 
the procession of chemical reactions for 5 identical samples. 

 

Figure 29. Variation of α versus cure time at Tcure = 190 °C for 5 identical 
samples.  
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4.2.2    Degree of Conversion  

This section describes the general behavior of α with the cure time at different Tcure, 

irrespective of the possibly significant effects that the inconsistencies observed in the values of 

HU may have on α values. Data in Figure 29 were obtained using a complete set of experiments 

(Tcure ranging from 140 °C to 200 °C with increments of 10 °C), conducted within a week. 

The conversion master curve was produced by shifting the data to a reference 

temperature. Eq. (7) was used to construct the iso-conversion contours and to model the behavior 

of α prior to vitrification. A complete set of α(t) was constructed over a broad range of Tcure 

using this model. 

4.2.2.1    Degree of Conversion as a Function of Cure Time and Cure Temperature, α(t,T) 

Figure 30 presents the behavior of α versus cure time, α(t), at various Tcure. As shown in 

this graph, the final conversion at each α(t) decreases by decreasing Tcure. Moreover, it can be 

seen that the samples cured at lower Tcure required longer cure times to achieve the final stage of 

cure. This implies a lower rate of reaction at lower cure temperatures. 

As mentioned above, the rate of reaction (dα/dt) decreases monotonically by decreasing 

Tcure. Figure 31 shows that the decrease in Tcure not only affects the exothermic peak of reaction 

but also significantly increase the time over which the exothermic peak evolves. 
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Figure 30. Variation of α versus cure time at different Tcure. 

 

Figure 31. Rate of reaction, dα/dt, versus cure time at different Tcure. Data 
corresponds to the results in Figure 30. 
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4.2.2.2    Conversion Master Curve 

The data in Figure 30 was replotted on a semi-logarithmic scale in Figure 32. It is clearly 

observed in this figure that α(t) at every Tcure exhibits similar behavior. However, α(t) exhibits 

lower final conversions at lower Tcure. Wisanrakkit and Gillham (1990) demonstrated that α(t) at 

every Tcure prior to vitrification can be superimposed onto a reference curve known as the 

conversion master curve [18,19].  Prior to vitrification, every α(t) curve lays on top of the master 

curve, and after vitrification, branches off to different plateau values depending on Tcure (Figure 

33). The existence of a conversion master curve confirms that cure reactions are kinetically 

controlled prior to vitrification, and then become diffusion controlled after this point due to the 

low concentration of cure reactants in the chemically active regions. 

 

Figure 32. Degree of conversion (α) versus cure time at different Tcure 
plotted on a semi-logarithmic scale. 
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Figure 33. Conversion master curve at Tref = 180 °C plotted on a semi-
logarithmic scale. 

Figure 33 shows the conversion master curve at a reference temperature Tref  =180 °C.  

This diagram was constructed by shifting the α(t) curves in Figure 32 horizontally along the 

ln(time) axis. The constant values used to shift each α curve along the ln(time) axis towards the 

reference curve are called “ln(time) shift factors, a(T)”. These values were plotted versus the 

inverse of Tcure in Figure 34. A clear linear relationship between a(T) and the inverse of the cure 

temperature can be seen in this figure, thus indicating a definite dependence of a(T) on the cure 

temperature. Wisanrakkit and Gillham (1990) explained that a(T) can be represented in the form 

of an Arrhenius equation by taking a natural logarithm from both sides of the equation [18,19].  

RT
E

o

a

eATa )('  
(30) 

RT
EALnTaLnTa a

o )())('()(  (31) 

where a(T) is the ln(time) shift factor, a′(T) is the time shift factor, Ao is the pre-exponential 

factor, R is the universal gas constant, Ea  is the apparent activation energy of the cure reactions 



71 
 

[J/mol], and T is the isothermal cure temperature [°K]. Ea can be determined from eq. (31) and 

the slope of the line in Figure 34, obtained through linear regression. For the resin system studied 

in this work (977-2), Ea of the chemical reactions based on the conversion data was 61.60 

KJ/mol. Table 1 shows the values of a(T) at each Tcure.  

 

Figure 34. Ln(time) conversion shift factors versus 1/Tcure (symbols) with 
the linear regression model (dashed line).  

TABLE 1 

LN(TIME) CONVERSION SHIFT FACTORS 

Tcure [°C] 1/Tcure [°K]
-1 a(T) 

140 0.0024 -1.594 
150 0.0024 -1.167 
160 0.0023 -0.760 
170 0.0023 -0.240 
180 0.0022 0.000 
190 0.0022 0.230 
200 0.0021 0.730 
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4.2.2.3    Iso-Conversion Contours 

The iso-conversion counters can be constructed using the kinetic rate equation, eq. (7). 

This equation is limited to the kinetically controlled region and is unable to model the after-

vitrification behavior. Assuming then that the reactions are only kinetically controlled and 

neglecting any diffusion control mechanism, eq. (7) can be used to describe the rate of reaction. 

This equation is repeated here to facilitate in what follows.  

)()( fTkdtd  (32) 

where dα/dt is the rate of reaction, k(T) is the reaction rate constant which is function of cure 

temperature only, f(α) is the conversion function, and t and T are the cure time and temperature, 

respectively. Rearranging this equation, integrating with respect to time and conversion, and then 

taking the natural logarithm will result in: 
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The left-hand side of eq. (33) is a function of conversion only and, therefore, 
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If the upper limit of integration in eq. (34) is a constant, αo, the whole equation will become a 

constant value:  
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Eq. (35) is the key relationship for the calculation of iso-conversion and iso-Tg contours. 

In accordance with this equation, the progress of cure reaction up to a certain conversion can be 

written as a function of cure time and cure temperature only. Since k(T) is in the form of an 

Arrhenius relationship, eq. (35) is simplified as follows: 
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Eq. (38) shows the relationship between the cure time and cure temperature at every stage 

of cure. In other words, if t1 is the time required to reach the constant conversion α* at the 

isothermal cure temperature T1, t2 will be the time required to reach α* at temperature T2. This is 

the basic principle used to construct iso-conversion and iso-Tg contours. The value of Ea from the 

ln(time) shift factors can be utilized in this relation. Iso-conversion and iso-Tg contours aid in 

better understanding of the cure processes. 

Figure 35 demonstrates iso-conversion contours from α = 0.05 to α = 0.95 with 

increments of 0.05 in a plot of cure temperature versus cure time on a semi-logarithmic scale. 

The cure status of the material at every time and every temperature can be determined using this 

diagram. As an example, IM7/977-2 UD prepreg becomes 20% cured after about 22 min at Tcure 

= 160 oC (Figure 35).  
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Figure 35. Iso-conversion contours on a plot of cure temperature versus 
cure time on a semi-logarithmic scale.   

The α data calculated from eq. (38) and shown in Figure 35 is represented in Figures 36 

and 37 together with the experimental data. Good agreement between the experimental data and 

those predicted by the theory are observed in these graphs. As discussed previously, this model 

gives the appropriate prediction up to vitrification only. 
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Figure 36. Variation of α versus cure time from experiments (solid lines) 
and theoretical predictions (symbols). 

 

Figure 37. Variation of α versus cure time on a semi-logarithmic scale from 
experiments (solid lines) and theoretical predictions (symbols). 
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4.2.2.4    Degree of Conversion Modeling 

Similar methodology was used to predict α(t) over a broad range of cure temperatures 

using eq. (38). Figure 38 demonstrates the behavior of α(t) at various Tcure ranging from 10 oC to 

200 oC with 10 oC increments. 

 

Figure 38. Variation of α versus cure time up to vitrification at different 
Tcure on a semi-logarithmic scale. Data obtained from theory using eq. (38). 

4.2.3    Glass Transition Temperature 

This section presents the behavior of Tg with cure time at different isothermal cure 

temperatures. A Tg master curve was constructed by superimposing all Tg curves onto a reference 

curve at a certain temperature. Iso-Tg contours were produced using the one-to-one relationship 

between α and Tg and data was subsequently modeled using this relation. 
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4.2.3.1    Glass Transition Temperature as Function of Cure Time and Temperature, Tg(t,T) 

Tg measurements were performed using a different methodology from the one used for α. 

Experiments were carried out by means of dynamic scans at 10 °C/min. Results were obtained 

by conducting more than 100 DSC measurements on partially cured samples at different cure 

temperatures and cure times.  

Figure 39 shows the variation of Tg versus cure time, Tg(t), corresponding to different 

Tcure. As illustrated in this figure, at the early stages of cure, Tg(t) rises steeply up to vitrification, 

at which point Tg(t) becomes equal to Tcure. After vitrification, Tg(t) increases by only a few 

degrees and eventually levels off to a constant value. The decrease in the rate at which Tg(t) 

increases is a consequence of the low concentration of cure reactants and the transition to the 

diffusion controlled mechanism. This also causes Tg(t) to level off to lower plateau values at 

lower Tcure.  

For 977-2 resin system, Tg(t) exhibits strange behavior at elevated Tcure. Figure 39 

demonstrates that above Tcure = 180 oC, every Tg(t) reveals a step transition before leveling off to 

its final plateau value. Similar behavior was observed by Simon and Gillham (1994) for an 

epoxy-rich chemical system [23]. They showed that such behavior is due to the action of a 

secondary cure agent. For 977-2, however, this could be the result of the addition of the 

toughening agent. As previously mentioned, 977-2 is a thermoplastic-toughened epoxy resin 

system. At Tcure ≥ 180 oC, Tg(t) levels off once at  Tg∞1 ≈ 177 oC upon full conversion of the 

thermosetting agent (epoxy). After Tg∞1, Tg(t) increases again and levels off at Tg∞2  ≈ 195 oC 

upon full conversion of the thermoplastic agent. This behavior does not exist at Tcure below 180 

oC since the full conversion of neat epoxy does not occur. 
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Figure 39. Variation of Tg versus cure time at different Tcure. A step 
transition in Tg(t) curves is present at Tcure ≥ 180 oC indicating the presence 
of the toughening agent. 

4.2.3.2    Tg Master Curve 

The Tg data in Figure 39 were replotted on a semi-logarithmic scale in Figure 40. Like α, 

every Tg(t) seems to follow a similar trend along the log(time) axis, except for the step transition 

region. Consequently, Tg(t) curves were superimposed on a reference curve at Tref = 180 oC to 

produce the Tg master curve similar to that of α. Figures 41 and 42 show the Tg master curve 

constructed at Tref = 180 oC. As can be seen, Tg(t) curves only coincide with the reference curve 

up to vitrification. 

The Tg master curve can be used to illustrate the advancement of Tg versus cure time 

assuming that the reactions are only kinetically controlled and the material cures at the reference 

temperature. As shown in Figures 41 and 42 in the Tg master curve, prior to vitrification, all Tg(t) 

curves coincide with the reference curve indicating that reactions are indeed kinetically 
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controlled. Beyond vitrification, every Tg(t) branches off from the master curve indicating the 

presence of the diffusion controlled mechanism over the chemical reactions. It was 

experimentally determined that when Tcure is well below Tg∞, Tg(t) increases by at most 10% of 

Tcure after vitrification. This increase in Tg(t) decreases by increasing Tcure towards Tg∞. Thus, it is 

clear that Tg cannot exceed Tg∞. 

 

Figure 40. Variation of Tg versus cure time at different Tcure on a semi-
logarithmic scale. Similar trends indicate the existence of a Tg master curve. 
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Figure 41. The Tg master curve at Tref  = 180 oC versus the natural logarithm 
of time.  

 

Figure 42. The Tg master curve at Tref = 180 oC versus cure time. 
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As shown in Figure 43, a new set of ln(time) shift factors was obtained by shifting every 

Tg(t) towards the master curve. Data was modeled using an Arrhenius equation.  The value of Ea 

based on the ln(time) Tg shift factors was 70.38 KJ/mol, 14% higher than the value obtained from 

the ln(time) α shift factors. 

 

Figure 43. Ln(time) Tg shift factors versus 1/Tcure (symbols) with the linear 
regression model (dashed line). 

 

TABLE 2 

LN(TIME) GLASS TRANSITION TEMPERATURE SHIFT FACTORS  

Tcure [°C] 1/Tcure [°K]
-1 a(T) 

140 0.0024 -1.820 
150 0.0024 -1.300 
160 0.0023 -0.858 
170 0.0023 -0.450 
180 0.0022 0.000 
190 0.0022 0.400 
200 0.0021 0.790 
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4.2.3.3    Iso-Tg Contours  

It has been reported by many researchers that there exists a unique one-to-one 

relationship between Tg and α for many thermosetting resin systems [17,18,25,30,60,65]. A 

similar relationship was also found for 977-2 resin system. Invoking this relationship with 

referrence to eq. (34), eq. (39) can be used to model Tg. The left-hand side of eq. (34) is a 

function of α only and thus a function of Tg. 
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If the upper limit of integration in eq. (39) is constant, αo, the left-hand side of the equation will 

become a constant value.  
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Figure 44 illustrates iso-Tg contours at different Tcure and different cure times on a semi-

logarithmic scale. In addition, gelation and vitrification curves (obtained using APA 2000 shear 

rheometer) were also added to this diagram. Here, gelation was defined as the onset of infinite 

viscosity and vitrification as the inflection point before the plateau in the plot of G′ versus cure 

time. Figure 44 represents the simplest form of an isothermal TTT cure diagram. This diagram 

depicts the iso-Tg contours ranging from Tg =10 oC to 190 oC with 10 oC increments. Each iso-Tg 

line stops right before vitrification, or the time at which Tg becomes equal to Tcure. 

Iso-Tg contours remain parallel throughout the cure process as shown in Figure 44. It can 

also be observed in this figure that iso-Tg contours spread apart at the early and later stages of 

cure, and get closer in the intermediate stages. Wisanrakkit and Gillham (1990) demonstrated 

that the separation of contours at the early stages of cure is a combined effect of the 

autocatalyzed reaction as well as the presentation of data in the logarithmic scale [19]. The 
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separation at the later stages, in contrast to the early stages, is due to low concentration of 

reactants under the influence of the diffusion controlled mechanism. 

 

Figure 44. Iso-Tg contours on a plot of cure temperature versus cure time 
with a semi-logarithmic scale. Despite the fact that gelation occurs at a 
certain conversion and, equivalently a certain Tg, the gelation curve does not 
lie on any iso-Tg lines. Besides, vitrification data from shear rheometry does 
not correspond to theory. 

The Tg data from eq. (40) and Figure 44 are replotted against the cure time in Figures 45 

and 46. The experimental data from DSC was also added to this diagram. Similar to α, there is a 

good agreement between the experimental data and those predicted by the theory, but only prior 

to vitrification. 
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Figure 45. Variation of Tg versus cure time at different Tcure, from DSC 
experiments (solid lines) and theoretical predictions (symbols). 

 

Figure 46. Variation of Tg versus cure time on a semi-logarithmic scale at 
different Tcure, from DSC experiments (solid lines) and theoretical 
predictions (symbols). 
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4.2.3.4    Tg Modeling 

Figure 47 demonstrates the behavior of Tg(t) at various Tcure ranging from 10 oC to  200 

oC with 10 oC increments. Data were obtained from eq. (40). 

 

Figure 47. Variation of Tg versus cure time up to vitrification at various Tcure 
plotted on a semi-logarithmic scale. Data obtained from eq. (40). 

4.2.4    Deviation of Gelation from Iso-Tg Contours 

Referring back to the data in Figure 44, it is interesting to note that the gelation curve 

does not follow any iso-Tg contour for 977-2 resin system. According to Flory’s expression 

(1953) for a given epoxy system, gelation takes place at a certain critical conversion or, 

equivalently, at a critical Tg regardless of the cure temperature [27]. The discrepancy between the 

observed data in Figure 44 and Flory’s theory originates from the strange chemistry of 977-2 

which is a thermoplastic-toughened epoxy resin. The addition of this thermoplastic agent to the 

neat epoxy causes the deviation of gelation from the iso-Tg contours. As previously mentioned in 
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the literature chapter, Chapter 1, gelation is the most distinguishing characteristic of a thermoset 

[15]. Therefore, gelation data for 977-2 can be treated as if it only reflects the behavior of the 

neat epoxy regardless of the existence of thermoplastic molecules. As a result, eq. (24) can be 

utilized to model and predict the gelation times at different Tcure. It should be noted that the value 

of Ea obtained from this equation reflects the apparent activation energy of cure reactions for the 

neat epoxy used in 977-2. Figure 48 illustrates the natural logarithm of gelation times versus the 

inverse of Tcure. The slope of the straight line in this figure yields Ea. This value is equal to 50.68 

KJ/mol for the neat epoxy used in the 977-2 resin system. This value is well below those 

obtained using ln(time) Tg and α shift factors which reflect the activation energy of cure 

reactions for the thermoplastic-toughened resin system. 

 

Figure 48. Natural logarithm of time at gelation versus 1/Tcure (symbols) 
with the linear regression model (dashed line). 

As shown, different values were obtained for the activation energy Ea of the cure 

reaction; one from the gelation times for the neat epoxy system, and two different values from 
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the ln(time) Tg and α shift factors for the blend thermoplastic-toughened resin. Here it was 

assumed that the discrepancy between the values of Ea from the ln(time) Tg and α shift factors is 

predominantly due to approximations and simplifications made during analysis of the data and 

for calculations, especially in the case of α. In other words, Ea from the ln(time) Tg shift factors 

might be more representative of the activation energy of cure reaction for the toughened system, 

since Tg was a direct measurement in the DSC experiments. Each Tg data-point was 

independently obtained from a separate experiment.  In contrast, α was attained based on the 

kinetic equations involving many complex integrations. The whole set of α(t) at a particular Tcure 

is dependent upon HR and HU. Since HU was separately determined from the dynamic scans, the 

inconsistency of Ht versus Tcure consequently affects the values of the shift factors.  This would 

increase the possibility of calculation errors in obtaining Ea based on the ln(time) α shift factors.  

Regarding to different values of Ea, it can be concluded that Ea has increased from 50.68 

KJ/mol for the neat epoxy to higher values (61.60 KJ/mol based on α or 70.38 KJ/mol based on 

Tg) for the toughened resin. Referring back to Figure 43 at which iso-Tg contours were calculated 

using Ea from the ln(time) Tg shift factors, a new set of iso-Tg contours were calculated using Ea 

from the gelation data. The new set was shown in Figure 48. It is not surprising in this figure that 

the experimental gelation curve completely follows an iso-Tg contour (Tg = 80 °C). This is 

because every iso-Tg contour was calculated using the value of Ea obtained through modeling of 

the gelation times. The data in Figure 48 demonstrates the state of the material during the 

isothermal cure as if it only contains the neat epoxy. In addition, similar to the data in Figure 43, 

vitrification data from the shear rheometry still differ from those predicted by theory, where Tg 

becomes equal to Tcure. 
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Figure 49. Iso-Tg contours based on Ea from gelation times (instead of 
ln(time) Tg shift factors). Experimental times of gelation (red line) follow an 
iso-Tg contour (Tg = 80 °C). 

The Tg data in Figure 49 was replotted versus cure time in Figure 50 along with the 

experimental data. In these graphs, the experimental data represents the behavior of Tg for the 

toughened epoxy system, while those data from the theory represent the behavior of Tg for the 

neat epoxy. Figure 50 illustrates that the new pattern of Tg for the neat epoxy significantly 

deviated from the experimental data for the toughened system. In other words, the overall pattern 

is more compact over the whole range of cure times and temperatures which implies the 

existence of higher rates of reaction for the neat epoxy. This is a direct consequence of lower Ea 

for the neat epoxy. As a conclusion, the addition of thermoplastic toughening agents to the epoxy 

may change some aspects of the cure kinetics such as the progress of Tg and α, whereas the 

prominent characteristics like gelation remain unchanged.    
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(a) 

 

(b) 

Figure 50. Tg versus: (a) cure time and (b) cure time on a logarithmic scale. 
Experimental data (dashed lines) shows the behavior for the toughened 
epoxy, while theoretical data (symbols) represents the behavior for the neat 
epoxy. Tcure ranges from 140 oC to 200 oC. 
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4.2.4    Tg -α Relationship 

In the past three decades many authors have demonstrated that for thermosetting resins 

there is a unique one-to-one relationship between Tg and α regardless of the cure temperature. In 

many of these studies, the Tg - α relationship was modeled using the well-known DiBenedetto 

equation, either in its original form, or with some modifications. Figure 51 shows the behavior of 

Tg versus α. The distribution of data in this figure implies the existence of a strong relationship 

between Tg and α. In this work, the DiBenedetto equation was used in the form of Pascault and 

Williams to describe this relationship [37]: 

)1(
)1( ggo

g

TT
T  (41) 

where Tgo and Tg∞ are the glass transition temperature of the resin at the initial and final stage of 

cure, respectively (for IM7/977-2 UD, Tgo = -5 oC and Tg∞ =195 oC). Parameter λ is an adjustable 

structure-dependent factor ranging from 0 to 1. For IM7/977-2 UD prepreg, λ was calculated to 

be 0.60. Eq. (41) can be used to calculate the values of Tg at any stage of cure from α, or vice 

versa (Figure 52).  
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Figure 51. Tg versus α at various Tcure. 

 

Figure 52. Tg versus α from the experiments and values predicted using the 
DiBenedetto relationship. 
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CHAPTER 5 
 

CONCLUSIONS 
 
 

5.1    Conclusions 

The ever increasing number of new composite materials with versatile compositions and 

formulations brings about a necessity to establish powerful and dependable characterization 

techniques. These enable composite manufacturers at every level, from those producing the final 

products on production lines to those producing raw materials, to determine the optimum 

conditions conducive to both the desired mechanical properties and minimum costs. In the 

present approach, cure kinetics and process behavior of a carbon-fiber thermoplastic-toughened 

epoxy resin prepreg, IM7/977-2 UD, were investigated utilizing advanced analytical techniques, 

namely shear rheometry and Differential Scanning Calorimetry (DSC). Moreover, this study was 

performed to illustrate inconsistencies and uncertainties that might exist in the characterization of 

a material that is representative of the latest generation and formulation of composite prepregs. 

The techniques used in this study (rheometry and DSC) have for several decades been the 

most common for characterizing and modeling the cure kinetics of many polymeric systems. 

Thermogravimetry Analysis (TGA) was also employed to design the DSC cure profiles. 

Viscoelastic properties, cure characteristics, and thermal properties of the material was measured 

over a wide range of isothermal cure temperatures (Tcure). The measured viscoelastic properties 

included the shear storage modulus (G′), shear loss modulus (G″), and complex viscosity (η*).  

These were measured over a Tcure range from 116 °C to 188 °C with 5.6 °C increments by shear 

rheometry. Cure characteristics such as gelation and vitrification were also specified at each Tcure 

using this technique. DSC was used to determine thermal properties throughout the cure process 

at various Tcure ranging from 140 °C to 200 °C with 10 °C increments. Among these properties 
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were heat flow (dH/dt), glass transition temperature (Tg), degree of conversion (α), and rate of 

reaction (dα/dt). 

Rheometry experiments were constrained to isothermal cure temperatures below the final 

glass transition temperature (Tcure < Tg∞) since the material never achieves vitrification above this 

point. Data from rheometry experiments were presented on plots of G′, G″, and η* versus cure 

time. It was shown that graphical representation of data in the form of normalized cure diagrams 

using semi-logarithmic scales clearly demonstrate the point in time that different cure events take 

place. Normalized cure diagrams showed that for IM7/977-2 UD prepreg where Tcure < Tg∞, the 

time corresponding to different cure events continuously increase by decreasing Tcure, and vice 

versa. Moreover, an increase (or decrease) in Tcure will cause a decrease (or increase) in the 

magnitude of peaks and transitions at which various cure events occur. This implies that in 

addition to the time of events, the status of the material is affected by changing Tcure. The change 

in the status is representative of predominantly viscous-like properties at lower Tcure and elastic-

like properties at higher Tcure. In particular, gelation and vitrification took place at a more viscous 

status when Tcure decreased. However, this decrease was significantly more perceptible in the 

case of vitrification compared to gelation.  

The time of gelation was determined based on several definitions, all based on 

viscoelastic properties like G′, η*, and tanδ. It was shown that the use of different definitions 

result in slightly different gel times at the same Tcure. However, the results converged to the same 

values when Tcure increased towards Tg∞. When Tcure is low, the rate of reaction is low as well . 

This causes a gradual progression of the chemical reactions and, consequently, a longer cure 

time. The longer cure time implies that the viscoelastic properties expand over longer periods of 

time, thus clearly displaying every variation. This magnifies any discrepancies among the results 
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from the different definitions and causes the dissipation of the values of gel time at lower Tcure. 

In the case of the elevated Tcure (near Tg∞) where the rate of reaction is significantly higher, the 

cure properties evolve rapidly, leaving less room for any differences to be reflected in the results 

from different definitions.  

The values of α corresponding to the times of gelation were also obtained at various Tcure. 

It was shown that for 977-2, unlike many other epoxy systems, gelation does not occur at a 

constant conversion (αg) and varies with Tcure. Further investigation demonstrated that this is a 

consequence of the addition of the thermoplastic toughener, which affects many aspects of the 

cure of a toughened epoxy system. 

Variation of η* was shown versus cure time at different Tcure on a logarithmic scale. The 

minimum viscosity occurred at the same time for all cure cycles. This was a consequence of all 

cure profiles initiating with the same rate of temperature increase. In fact, the minimum viscosity 

occurred during the rapid heating cycle before the desired isothermal temperature was achieved. 

Moreover, the onset of infinite viscosity was considered as the gel point. It was shown that for 

IM7/977-2 UD, gelation occurs at a constant viscosity, regardless of the cure temperature. 

Similar analysis to that of gelation was conducted for vitrification and also based on 

various viscoelastic definitions. Among the three different definitions for vitrification, two of 

them consistently produced similar results at each Tcure. The results from using the third 

definition exhibited a constant time-lag from those of the other two over the entire range of Tcure. 

It was concluded that such behavior could result from the steady state nature of the cure reactions 

at the point of vitrification as well as the transformation of the cure mechanism from kinetic 

controlled to diffusion controlled. Steady state conditions imply that any difference between the 

results obtained from different definitions remain constant regardless of Tcure. 
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One of the main objectives of this study was to investigate the ultimate heat of reaction 

(HU). This property directly influences the determination of α at different Tcure. Furthermore, HU 

indirectly affects the apparent activation energy of the cure reaction (Ea), which can be obtained 

using the ln(time) shift factors. The value of HU was determined through both isothermal and 

dynamic scans using DSC. The results from isothermal scans showed a significant inconsistency 

in HU, particularly below a certain Tcure. However, HU exhibited an overall trend of decreasing 

with decreasing Tcure. It was shown that the amount of heat (per unit mass of the material) 

released by evolving chemical reactions during cure may even vary between identical samples 

with identical cure cycles. Since the material studied in the present work was a prepreg system, 

the discrepancy in the values of HU from the isothermal scans was believed to be a result of 

slight differences in the resin and fiber contents from one sample to the next. The overall 

decrease of HU at lower Tcure was a consequence of early vitrification, which prevents the 

progress of chemical reactions and separates the non-activated reaction sites from the fully or 

partially vitrified zones. This limits the re-initiation of cure reactions during the post cure 

dynamic scans. 

The behavior of α throughout the cure process, α(t), was determined at various Tcure. 

Representation of these data on a semi-logarithmic plot revealed the existence of a conversion 

master curve. It was demonstrated that every α(t) can be superimposed on the conversion results 

at a reference temperature, known as the conversion master curve. However, α(t) curves could 

only be overlaid onto the conversion master curve up to vitrification.  After this point, the curves 

branched off to different plateau values depending on the Tcure. The constant values used to shift 

each α(t) to the master curve along the ln(time) axis (ln(time) α shift factors) were modeled using 

an Arrhenius equation. This modeling gave Ea of the chemical reactions for the toughened epoxy 
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system. Such values were later used to construct iso-conversion contours and to model the 

behavior of α within a broad range of Tcure. Good agreements were obtained between the results 

from DSC experiments and those predicted by theory. 

Similar to α, the behavior of Tg was investigated as a function of cure time and cure 

temperature. It was shown that Tg diagrams at Tcure ≥ 180 °C contained a step transition at a Tg of 

about 177 °C, revealing the existence of the thermoplastic agent. For 977-2 at Tcure ≥ 180 °C, 

Tg(t) levels off once at Tg∞1 ≈ 177 °C due to the full conversion of the epoxy system, and again at 

Tg∞2 ≈ 195 °C due to the full conversion of the thermoplastic agent. Calculation techniques 

similar to those of α were used to determine many Tg characteristics, including a Tg master curve, 

ln(time) Tg shift factors, Ea, and iso-Tg contours. Moreover, Ea from ln(time) Tg shift factors was 

utilized to model the behavior of Tg up to vitrification over a wide range of Tcure from 10 °C to 

200 °C with 10 °C increments.  

Three different values for Ea of the cure reaction were obtained by modeling of gelation 

times, ln(time) α shift factors, and ln(time) Tg shift factors. It was concluded that the discrepancy 

between the values of Ea from ln(time) Tg and α shift factors is due to many simplifications and 

calculation errors observed in the calculation of α. In addition, the increase of Ea from 50.68 

KJ/mol (by modeling of the gelation times) to 70.38 KJ/mol (by modeling of the ln(time) Tg shift 

factors) was concluded to be a consequence of the presence of the thermoplastic toughener. 

Since gelation is the most distinguishing characteristic of thermosetting resins, the former value 

of Ea was believed to represent the activation energy of the reaction for the neat epoxy resin in 

977-2. The latter value of Ea was the activation energy of the reaction for the thermoplastic-

toughened epoxy, i.e., 977-2. Representation of the Tg(t) curves using the value of Ea from 
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gelation along with the experimental data displayed a discrepancy between the progress of cure 

reactions for the neat epoxy and the thermoplastic-toughened epoxy system.  

A strong one-to-one relationship was found between the values of Tg and α. These data 

was modeled using the famous DiBenedetto relation (in the form of Pascault & Williams) and 

good agreement was found between experimental and theoretical data. Furthermore, the 

inconsistencies observed during the calculation of α demonstrated that Tg is likely a better 

estimate of the status of the material during cure. 

5.2    Recommendations for Further Studies 

Similar to rheological and thermal properties such as G′, G″, η*, α, and Tg, various 

mechanical properties such as interlaminar shear strength, tensile strength and modulus, and 

compression strength and modulus can be characterized as a function of cure time and cure 

temperature using mechanical testing instruments. For this purpose, resin or prepreg laminates 

may partially be cured and tested with different cure times at different cure temperatures. This 

can give information about the progress of mechanical properties during the cure process. 

Having obtained such knowledge, many relationships may be established among thermal, 

rheological, and mechanical properties of a polymeric system during the entire period of the cure 

process. This will produce a comprehensive cure map which can be referred to characterize the 

state of the material at any time and temperature. 

In addition, the mechanical properties data obtained from the static test methods may be 

compared with the data from dynamic mechanical analysis to find similarities between different 

characterization techniques.  
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