
AN EX-SITU MATERIAL STATE MONITORING OF CURING BASED ON 
VISCOELASTIC PROPERTIES IN POLYMER COMPOSITES 

 
 
 
 
 
 
 

A Thesis by 

Pooria Sharif Kashani 

Bachelor of Science, University of Tehran, 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 

 
 
 
 
 
 
 
 

December 2007 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2007 by Pooria Sharif Kashani 
 

All Right Reserved 
  



iii 

AN EX-SITU MATERIAL STATE MONITORING OF CURING BASED ON 
VISCOELASTIC PROPERTIES IN POLYMER COMPOSITES 

 
The following faculty 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 
 
 
 
 

 
Walter J. Horn, Committee Member 
 
 
 
 

 
Hamid Lankarani, Committee Member 

 



iv 

DEDICATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my parents 
 
  



v 

ACKNOWLEDGEMENT 

I would like to express my sincere gratitude to my advisor, Professor Bob Minaie, who 

gave me the opportunity to perform this work. I am truly indebted for his support, guidance, 

encouragement, and patience as well as his scientific and practical advice throughout the course 

of this work. I also would like to express my appreciation to Professor Walter Horn and 

Professor Hamid Lankarani for serving on my thesis committee. 

I gratefully acknowledge Mr. Tom Rose and Mr. Bob Kelpine from AvPro Inc. for 

providing access to their facilities as well as their helpful discussions during this research. Their 

industrial knowledge and experience was essential to the success of this work.  

I thank my colleagues in Professor Minaie’s research group: Seyed Soltani and Farzad 

Ghods for their kind help in conducting experiments, Alejandro Rodriguez, Jonathan Baalman, 

Mauricio Guzman, and Chee Sern Lim for their friendship and academic support. Their brilliant 

humor and consistent encouragement made this work more enjoyable. 

Helpful discussions with Dr. Melanie Violette and Mr. Warren Hatfield from Hawker 

Beechcraft Corporation, Mr. Mike Borgman from Spirit AeroSystems, and Dr. Tom Tse and Dr. 

Heung Kim from Cessna Aircraft are gratefully acknowledged. 

Finally, my deepest love goes to my parents, my sister, and my brother for their 

everlasting support. Words cannot express my thanks and appreciation to them. 

 



vi 

ABSTRACT 

It is well known that time and temperature are not direct measurements of either material 

state during cure or mechanical properties after cure in polymer composites. Rather, in current 

practice, the viscoelastic properties and mechanical properties during cure are merely assumed 

based on an extensive statistical data of time and temperature history of the material. This 

practice is time-consuming and costly.  

In this study, an ex-situ estimation of the actual material states using advanced analytical 

instruments has been proposed and validated. An encapsulated sample rheometer was used as the 

main ex-situ instrument capable of measuring with high repeatability and robustness necessary 

for the validation of viscoelastic curing models of composites (especially prepregs) at production 

level. This rheometer was coupled with Differential Scanning Calorimetry (DSC) to obtain a 

correlation of the key variables of curing and the actual material states. Experimental and 

analytical modeling studies of the viscoelastic properties and thermal properties of four 

commercial prepregs were conducted using these instruments. These key cure variables were 

directly correlated with the viscoelastic states of the material during cure. The viscoelastic 

properties such as storage modulus, loss modulus, and tanδ  and the glass transition temperature 

of the Advanced Composite Group (ACG) MTM45 and MTM45-1 prepregs and Cytec 977-2 

PW and 977-2 UD prepregs were measured using the rheometer during different isothermal cure 

cycles below the final glass transition temperature (
∞gT ). Thermal analysis of 977-2 PW and 

977-2 UD prepregs was obtained using the DSC and these thermal results were correlated to the 

rheometry measurements. Glass transition temperatures ( gT ) of the cure cycles were measured 

using both rheometry and DSC techniques.  
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A semi-empirical curing model, based on the viscoelastic properties of prepregs, was 

developed and compared with the experimental data collected at a constant frequency. A process 

engineer could use this curing model to monitor, control, and optimize a cure process, and to aid 

in the curing of parts that have time and temperature history discrepancies. This model can be 

statistically correlated to critical composite properties and can be validated with time and 

temperature feedback. Therefore, temperature sensors, such as thermocouples, would remain as 

the primary in-situ sensors and there would be no need for material state sensors inside the 

autoclave or other processing units.  
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CHAPTER 1  

INTRODUCTION 

1.1 Composite Materials 

Composite materials are made by combining two or more constituent materials to achieve 

desired properties such as high stiffness and strength and low weight [1]. In fiber-reinforced 

composites, the constituent materials are different at the molecular level. At the bulk level, the 

constituent materials work together and, therefore, the final properties of the materials are better 

than constituent material properties. 

Composites made with reinforced polymer have wide application in various industries 

such as aerospace, marine, and ground transportation. The polymer in a reinforced composite is 

called the matrix. The matrix surrounds the reinforcing fibers and prevents fiber buckling and 

assures that the load is transferred to the fibers uniformly. In addition, the matrix protects those 

fibers against chemical and environmental attacks. The service temperature and processing 

parameters of the composite material are controlled by the properties of the matrix. The matrix in 

polymer composite materials can be thermoset or thermoplastic resins.  

Thermosetting resins are polymer materials that cure by a cross-linking process to a 

stronger form. They are usually liquid prior to the cure and they cannot be melted or reshaped 

after they are cured. The cross-linking process forms a molecule with a three-dimensional 

structure that has a larger molecular weight after cross-linking. This produces a material with a 

higher stiffness. 

Thermoplastics are high molecular weight polymers with molecular chains bonded with 

weak van-der-Waals forces, dipole-dipole interactions, and hydrogen bonding. Thermoplastic 
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materials can be melted when they are heated. Generally, thermosets have better thermal and 

dimensional stability, better rigidity, and superior chemical properties than thermoplastics. 

Because of these good characteristics, they have become more popular with wider applications. 

[1]  

The investigation of this project was focused on fiber reinforced composite materials with 

thermoset polymer matrix. 

1.2 Prepregs 

Prepregs are the most popular form of composite materials supplied for aerospace 

applications. Prepregs are also used to fabricate sporting goods, medical components, and 

industrial products. A prepreg is a flat form of resin-impregnated fiber that is partially cured to 

the B stage. Prepregs are stored at a low temperature (refrigerated) to retard curing. They can be 

used in hand lay-up or molding operation. When all fibers are impregnated in a uniform direction 

in resin, the prepreg is called unidirectional tape (UD). When the fibers are equally distributed in 

two orthogonal directions, the prepreg is called a woven fabric (plain weave or PW). Prepregs 

provide consistent properties as well as uniform fiber/resin mixture. In application, several 

prepreg layers are usually bonded together to form a laminate [1]. The materials used in this 

study were woven fabric and unidirectional thermoset prepregs.  

1.3 Curing  

The term cure in the processing of composite materials refers to the chemical and 

physical transformation of the raw material to its final solid and rigid form. In this process, a 

polymer composite part transitions from a liquid, or viscous state, to a fully solid, or elastic state. 

Properties of the resin matrix in both the viscous and solid states (viscoelastic properties) are 
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important during the processing of prepregs and for the final mechanical properties of the 

laminate. 

During the cure, thermoset polymers may be formed by step growth polymerization 

(condensation) such as polymerization of epoxies and urethanes, or by chain growth 

polymerization such as polymerization of styrenes reacting with unsaturated polyesters [2]. In 

the early stages of curing, the viscosity of the resin decreases due to heat applied externally to 

promote the polymerization along with the exothermic heat of reaction. The decrease in viscosity 

accelerates the reactions by increasing the mobility of the reactants. As the process continues, the 

viscosity starts increasing due to molecular enlargement. When the polymerization reaches the 

point that three dimensional network forms, gelation is said to have occurred. Gel point is the 

transition from a viscoelastic liquid to a viscoelastic solid [3,4]. After gel point, the rigidity of 

the resin increases, resulting in a rapid increase in the elastic modulus of the material. As the end 

of reactions is approached, the material becomes more stiffed and elastic modulus reaches its 

plateau value. 

Currently, in terms of the production, the definition for cure of composite structures is a 

minimum time at a specified temperature. This means that current technology assumes a certain 

viscoelastic behavior of the material as a function of time and temperature. In many cases, the 

matrix is tested against internal criteria at the material supplier. Since there are no generally 

accepted methods for quantitatively measuring the uncured composite itself, the practice is to 

place rigorous requirements on the storage conditions at the supplier and end user. In many 

cases, extensive coupon testing has been done to statistically assure structural properties within 

defined confidence limits. Since statistical population of cured laminates is used to develop such 
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limits on design data, any deviation from time at temperature must be considered a significant 

difference requiring discrepancy evaluation and potentially additional testing. 

1.4 Problem Description in Cure Process 

In the current practice of the curing process, a limited monitoring of the actual cure state 

is performed, with only the time and temperature history of the materials being used to control 

and optimize the process [5,6,7,8,9]. In other words, important changes in the viscoelastic 

properties (from a liquid or viscous state to a fully solid or elastic state) over time and 

temperature increase are not visible during the cure cycle. It is well known that time and 

temperature are not direct measurements of the material states and mechanical properties. 

However, in the current practice, mechanical properties are assumed based on an extensive 

statistical data of the time and temperature history of the material. 

1.4.1 Cost Factors 

Managing the thermal history of the material is costly and often difficult.  Material stored 

under the best conditions for a short time have the same out time and processing requirements as 

those stored under the worst conditions for the longest time allowed. The need to accommodate 

worst conditions leads to the flagging of good materials with additional cost of disposition and 

requalification. Often good materials are simply rejected due to lack of data demonstrating that 

they are good. During the process also, several events, such as the autoclave or oven crash, may 

result in scraping the materials. However, the process can be continued to completion if the 

actual state of the material is known.  

1.4.2 Risk Factors 

During the cure, a limited monitoring of the actual cure state is performed, with only the 

time and temperature history of the materials being specified and monitored. In other words, 
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is that there is an unmanaged change in the viscoelastic states when the selected process event 

such as pressurization occurs.  

Another problem is in composite processing, where the reproducible control of a time and 

temperature as found in an autoclave or oven of an original manufacturer may not be possible. 

For example, in rare occasions during the curing process, the autoclaves or the ovens crash. 

Currently, in these situations the process will be ended and the material cannot be recovered. 

However, it actually depends on the point that crash occurs, the cure cycle could be still 

completed and the desired mechanical properties could be achieved. In this situation, direct 

material state should be measured in order to estimate just how recoverable the cycle is.  

There are many other instances during manufacturing, storage, and processing of 

composites where indirect monitoring of the material states by only temperature history limits 

opportunities for improvement, lowers quality, and raises cost. When no other tool existed, these 

limitations were acceptable because the benefit of using the materials outweighed the costs. As 

the use of composites grows, there is a greater drive to reduce the cost and effort of production. 

Without a better measurement of material states, there is a significant risk that specifications will 

be modified or ignored without accounting for the true cure state issues. 

1.5 Proposed Approach: Material State Management Using Viscoelasticity 

Materials that exhibit both viscous and elastic behavior when small deformation occurs 

are called viscoelastic materials. In polymers, the mechanical properties of the material are 

dominated by viscoelastic behavior. Information about the interaction of molecular chains of a 

polymer can be obtained from measurements of the viscoelastic properties of polymer [10]. 

Also, key variables during the cure process, such as resin infusion, tack, drape, gel time, 

glass transition temperature and residual stresses are, all based on the viscoelastic state of the 
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viscoelastic states of the materials during cure. Only a few of these approaches have transitioned 

in a transition to the manufacturing level and none has made a significant impact in production. 

The general approach has been to use either in-situ sensing which is assumed to provide a 

meaningful measure of the material states, or to use a cure model intended to estimate material 

states based on the processing parameters (generally time, temperature and heat of reactions) that 

are routinely measured. 

1.6.1 Sensors 

In-situ sensors such as dielectric sensors, sensors based on Fourier Transform Infrared 

(FTIR) spectroscopy, ultrasonic sensors, and fiber optic sensors have been tested for sensing the 

material state [17,18,19]. The most mature technology is the use of dielectrometery to monitor 

the viscosity of thermosetting resin. As the cure advances, increasing viscosity decreases the 

mobility of the polar groups, changing the dielectric constant of resin, and hence the impedance 

of the resin-sensor. Using this method, the resin viscosity may be correlated with the impedance 

of the sensor [18]. The search for in-situ dielectric sensors, while it was a successful research 

tool, has caused the industry to follow a blind alley with respect the needs of the industry. The 

mislabeling of sensor properties such as the term ionic-viscosity applied on electrical 

measurements has further clouded the issue in terms of indirectly measurement of the material 

states. 

Fourier Transform Infrared (FTIR) spectroscopy can be used for cure state 

measurements. Infrared fibers are embedded in a composite part and their output is used to 

obtain the cure advances [20]. The requirement for the use of fragile and expensive IR fibers has 

slowed the use of this technology for application outside the laboratory.  
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The ultrasonic measurements have been also used to track the acoustic impendence of an 

epoxy resin, and to detect the change in modulus of the epoxy. As the epoxy starts crosslinking, 

the acoustic impedance of the material changes due to change in material properties [21,22].  

Based on monitoring the changes of the refractive index, the fiber optics sensors have 

been used to analyze the polymerization of thermoset resin. Fiber optic sensors have been 

embedded inside the resin system to measure the reflection coefficient at the interface between 

the fiber optic and the resin during a curing process. Correlation between the sensor output and 

resin conversion results in sensing the material states during cure [23].  

Long ago, the conclusion was reached that, while all these sensors are excellent research 

tools, they have limited utility for production. The reasons are multiple including the difficulty of 

use, an inability to calibrate for actual viscoelastic properties, cost to implement, and etc. In 

addition, despite the accurate results that they could obtain, none of them measure the direct 

material states. Furthermore, none of these sensors support a coherent means to achieve their use 

as a reliable measure of the goodness of a part or process.  

1.6.2 Models 

The utility of a model is directly affected by its ability to accurately predict or estimate a 

material property. Additionally, it must be possible to verify that accuracy at the point in time of 

the process and under the actual processing conditions. Existing models are to assume the 

material behaves consistent with testing done long before when the material is placed in service 

(material qualification test plan) and validated by ‘off line’ testing (specified quality testing 

requirements) of materials typically done at the material vendors site and remote from the actual 

production process.  
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1.6.2.1 Thermal Characterization and Modeling of Curing 

During the curing of the thermosets, heat is generated due to exothermic reactions. By 

using Differential Scanning Calorimetry (DSC) technique, the total energy evolved per unit mole 

of reactive groups or double bounds RxnHΔ  and the instantaneous rate of evolution dtdH  under 

isothermal conditions can be determined. If  the extent of reaction, α , is defined as the fraction 

of reactive groups or double bonds that have reacted, then, 

RxnH
dtdH

dt
d

Δ
=

α  (1) 

In which RxnHΔ  may depend on temperature. Here is assumed that heat generated by the 

curing reaction is proportional to the extent of reaction and therefore, 

RxnH
tHt

Δ
=

)()(α  (2) 

In a typical isothermal DSC measurement, the rate of heat generation dtdQ  is measured 

directly as a function of time at the certain cure temperature. The sample size is small in order to 

ensure constant temperature conditions.  

The extent of the cure for the kinetics of the overall curing process can be modeled. In 

general, there are two types of models: autocatalytic models and a n th order models. The former 

is used for polymer systems where the rate shows a maximum as a function of cure extent, while 

the latter is used for the system that maximum rate is at the beginning of the process and the rate 

drops monotonically. Equation (3) is the general form for the autocatalytic model so called 

Kamal approach [5], 

nmkk
dt
d )1)(( 21 ααα

−+=  (3) 
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in which 1k  and 2k  are rate constants that depend on temperature in an exponential manner and 

m  and n  are constants that are independent of temperature and for second order reaction, m +

n =2. By separating the variables in equation (3) and integrating over time, α  can be explicitly 

obtained.  

Equation (4) is the n th order model, 

 nk
dt
d )1(3 αα

−=  (4) 

For the system that rate of reaction is determined by diffusion, n  = 1. The ik  values in 

equations (3) and (4) have been found to be in form of Arrhenius equation, 

RTE
ii

aeAk −=  (5) 

Another approach to model the cure extent α  is to define two different regions: one 

where the Kamal model is used and another where the diffusion model is used. The Springer-

Loos model is based on this approach [6], 

))(1)(( 21 αααα
−−+= Bkk

dt
d m  (6) 

The isothermal DSC measurement becomes inaccurate for fast-curing reactions, 

especially when the sample has to be heated rapidly to an elevated temperature. This is because it 

takes some time for the instrument baseline to stabilize. Another drawback of these methods is 

that the constants appearing in it have to be obtained by experiment each time the resin 

formulation is changed.   

1.6.2.2 Mechanistic Models 

By analyzing cross-linking based on initiation, inhibition, and propagation, a set of 

equations involving concentrations of the different reactants can be obtained. The solution to 

these equations gives the conversion and temperature as a function of time. Furthermore, 
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conversion can be related to an appropriately defined average molecular weight for branched 

polymers. This approach is called mechanistic modeling of curing process. 

Most of the existing mechanistic models fall into two categories: models for the low 

viscous stage (before gel point) and models for the glassy stage (after gel point). 

In the early stage of curing, the focus of the models is on the viscosity as a function of 

conversion and temperature [24,25,26,27]. Equation (7) represents the isothermal viscosity 

during the cure [24,28], 

ktt o += ηη ln)(ln  (7) 

in which oη and k are constant whose values depend on the temperature of measurement and tis 

time. Far away from the polymer glass transition temperature, these two constants depend on 

temperature in a Arrhenius manner [24], 

RT
E

o
ηηη

Δ
= ∞ exp

 

(8) 

RT
Ekk kΔ

= ∞ exp
 

(9) 

and therefore, for isothermal condition equation (10) can be obtained, 

RT
Etk

RT
E

t kΔ
+

Δ
+= ∞∞ expln)(ln ηηη

 

(10) 

If the temperature varies with time, viscosity at any time and temperature can be 

calculated using a modified version of equation (4), 

∫
Δ

+
Δ

+= ∞∞

t k dt
RT
Ek

RT
E

tT
0

expln),(ln ηηη
 

(11) 

Using DSC, the extent of cure at each time instant can be determined. By plotting 

viscosity versus conversion under isothermal condition, equation (12) will be obtained, 
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αη kA += lnln  (12) 

where k is a constant and Aln is a parameter that depends on temperature. A  Can generally be 

written in Arrhenius form, 

RT
E

A
Δ

= ∞ expη
 

(13) 

and, therefore, 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

Δ
= ∞ αηαη η k

RT
E

T exp),(
 

(14) 

During the curing of polyesters and vinyl esters and also in the later stages of curing of 

epoxy resins, the curing rate is diffusion controlled. Under these circumstances, the cure 

temperature is close to glass transition temperature ( gT ), and it is appropriate to present the 

polymer viscosity using the WLF equation [29], 

)(
)(

)(
)(ln

2

1

g

g

g TTC
TTC

T
T

−+
−−

=
η
η

 

(15) 

where gT  is a unique function of the degree of cure α .  

On the other hand, in the second category of the mechanistic models, the reacting cross-

linked polymer is assumed to be mechanically a solid (e.g. a thermoset past the gel point) but is 

undergoing a simultaneous chemical transformation [9,30,31,32,33]. All the rheological 

properties at this stage were explained within the framework of the theory of rubber elasticity. 

The effects of the viscous behavior of the material in this stage are usually limited to the 

calculation of relaxation modulus of an epoxy resin or prepreg. However, viscous behavior of the 

material still exists and it could be a key variable even in final stages of the curing such as post 

cure and glass transition temperature (Tg).  
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Despite the existence of accurate viscoelastic models for curing, these models could not 

be validated at the shop level and therefore, any further use of models in the shop became moot. 

The change from the past is that the ability to communicate between production and laboratory 

instruments is very recent as some of the instrumentation require for robust measurement with 

high repeatability rather than very accurate one. The modeling research must be done again with 

these new systems to establish confidence limits around the models and measurements. This 

work will need to be done before it is possible to reconstitute the design data and revise 

specifications.  
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CHAPTER 2  

METHODOLOGY 

2.1 Introduction 

The approach of this study is an ex-situ monitoring of material states based on 

viscoelastic properties of the material during cure. These viscoelastic properties could be 

estimated using analytical instruments working in parallel with processing units. To investigate 

this new technique, the key variables of the cure in different material states were correlated with 

rheological and thermal properties of the material and a viscoelastic model was obtained. This 

model could be validated by time and temperature feedback from oven or autoclave to ex-situ 

instruments working in parallel with the processing units such as autoclave and oven. The model 

would be used for real time control of the temperature, pressure, and time parameters in the 

autoclave or oven. Using this approach, the safety margins can be reconfigured around properties 

critical to performance rather than properties secondarily correlated to performance. This has the 

dual advantages of greatly expanding the range of time and temperature available for processing 

while enabling the optimization of properties critical to performance. For example, it could be 

demonstrated that a part processed to the highest temperature allowed by a current time 

specification could be ended sooner than a part processed to the lowest allowed temperature.  

Since the viscoelastic state is known and managed (material state management) with a far greater 

degree of certainty than current time and temperature approach, more options are available for 

process control and optimization (Figure 3). 
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measurements, the sample can be easily removed from the rheometer and non-destructive and 

destructive mechanical testing can be applied on the laminate coupon. 

What makes the approach of this work novel and practical is that the proposed approach does 

not use in-situ sensors to provide feedback on the material states but rather the proposed approach is 

an ex-situ validation of viscoelastic data and model using time and temperature data from the cure 

process echoed to an analytical instrument such as a rheometer and a parallel instrument such as a 

DSC. This addresses many issues such as durability, accuracy, repeatability, and cost that plague in-

situ sensors. The availability of the cure data and the practical cure models based on this approach 

could provide additional tools for ‘tuning’ of the process of the materials that have had various 

temperature histories.  

2.2 Material States Measurements Using Viscoelastic Parameters  

A typical viscoelastic behavior is followed by irreversible reactions, exhibited by the 

increasing storage modulus and loss modulus peak [10]. By measuring rheological properties 

using oscillatory techniques, the in-phase part of the dynamic stress (with frequency ω) is 

proportional to the storage modulus ( G′ ) or alternatively the imaginary part of the viscosity, the 

out-of-phase portion is proportional to the loss modulus ( G ′′ ) or alternatively the dynamic 

viscosity (η′ ) [34]. The two are related by the following equation, 

ηηη
ωω

′′−′==
′′+′

= i
i

GiG
i
G *

*

 

(16) 

 

In this investigation, the direct cure state was determined by measuring the dynamic modulus 

(G*) at the constant frequency. The data was further correlated with time and temperature in a 
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2.3 Thermal Analysis 

To constitute specification, associated tests to characterize the resin in time and 

temperature domain have been done in past using Differential Scanning Calorimetry (DSC). The 

heat of reaction during cure can be obtained by using a small sample size. The DSC trace gives 

an indication of when the chemical reactions are occurring in time. In this investigation, the 

thermal analysis supported the results obtained using rheometry techniques. However, it was 

difficult to achieve a quantitative evaluation during cure using DSC because of the small sample 

size used. To show this, the rheological data and calorimetry data were compared in this 

investigation.  

2.4 Glass Transition Temperature Test 

The glass transition temperature (Tg) is one the most important transitions in the cure 

cycle of thermosetting polymers. The glass transition temperature is the temperature below 

which the polymer is in a solid or glassy stage, and above which it is in liquid or rubbery state. In 

other words, below glass transition temperature molecular chains have little relative mobility 

[35]. In this study, the Tg test was used to insure that the cure was complete and the sample had 

reached the final desired glass transition temperature.  
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CHAPTER 3  

EXPERIMENTAL SETUP 

3.1 Material 

In this study, four different prepregs were used. First set was two commercial plain 

weave carbon fiber fabric prepregs MTM45 and MTM45-1 from Advanced Composite Group 

(ACG). MTM45 and MTM45-1 prepregs have cure temperature flexibility (from 80oC to 180oC) 

with 120oC or higher wet service capability. MTM45 and MTM45-1 are also suitable for 

oven/vacuum bag processing. These prepregs have an out life of 13 days at 22oC.  

Second set was commercial Cytec carbon fiber fabric/977-2 plain weave (PW) and 

unidirectional (UD) prepregs. Matrix is a 177oC curing toughened epoxy resin with a 126-138oC 

dry and 104oC wet service capability. These prepregs have an out life of 10 days at 22oC.  

3.2 Cure Profile 

The temperature of each sample was raised at 30oC/min until the desired temperature was 

reached. The rate of temperature increase was the maximum rate so that the sample temperature 

can uniformly follow the temperature ramp. The maximum rate was desired to minimize any 

reaction that might occur prior to reaching the desire cure temperature. This temperature ramp 

also can be applied on an autoclave or oven process. After reaching the desired temperature, the 

material was held at the constant temperature until the storage modulus reached its plateau value. 

Figure 5 shows a sample isothermal profile that was used in this study. 
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3.5 Glass Transition Temperature Tests 

In order to study the effects of the isothermal cure temperature on the glass transition 

temperature (Tg), Tg tests were applied on different isothermal cure temperatures when the cure 

was complete and the material was in post-cure stage.  

Rheometry Tg test used in this study is recommended by the Suppliers of Advanced 

Composite Material Association (SACMA) [36]. Solid sample in the post cure stage was heated 

at the rate 5oC/min and Tg was determined from a logarithmic plot of the storage modulus versus 

temperature. Significant drop in modulus indicated the glass transition temperature. A fixed 

frequency of 1 Hz is recommended in this method. 

DSC Tg test method used in this study is recommended by the American Standard and 

Test Methods (ASTM) [37]. DSC Tg test was applied on each sample right after the curing cycle 

was finished. The sample was cooled down to 40oC and again it was heated up with 20oC/min 

ramp to obtain the glass transition temperature.   
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CHAPTER 4  

EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Rheological Properties of MTM45 and MTM45-1 Prepregs 

Rheological properties of the MTM45 and MTM45-1 prepregs  were obtained using the 

aforementioned method. Figures 9 and 10 show the storage modulus and loss modules versus 

curing time for three isothermal curing cycles and two different prepregs (MTM45 and MTM45-

1). Experimental data for the storage modulus and loss modulus shows that lower cure 

temperature results in a longer curing time. It also shows that the maximum value of the storage 

modulus is independent of the time and cure temperature for the curing cycle below 
∞gT  [38].  

 

Figure 9. Storage modulus during cure for MTM45 and MTM45-1 prepregs. 
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Figure 10. Loss modulus during cure for MTM45 and MTM45-1 prepregs. 
 

Since MTM45-1 prepreg is the modified version of MTM45 prepreg, the values of the 

rheological parameters are expected to be different for the same isothermal cure cycle (Figure 9 

and 10). By using the viscoelastic approach, the differences can be easily monitored and possibly 

controlled; e.g. curing process for the MTM45 can be finished sooner since its storage modulus 

reaches the plateau value faster than MTM45-1.  

Tan δ was obtained from the storage modulus and the loss modulus values (
G
GTan

′
′′

=δ ) 

[10]. δ is the phase lag between the dynamic stress and strain. Figure 11 shows Tan δ versus time 

for three isothermal curing cycles and two different materials (MTM45 and MTM45-1). Tan δ is 

an important parameter for the curing process. For example, by knowing the maximum of the 
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Figure 11. Tan δ during cure for MTM45 and MTM45-1 prepregs. 
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Figure 12. Different stages of curing. 
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It is in this region that the most of the chemical reactions take place in a reactive organic 

matrix. For a low viscous resin with low molecular size with respect to the final polymer, a 

doubling in size of polymer is still a relatively small polymer although such a doubling may 

statistically consume half of the chemically reactive sites.  

4.2.2 Gelation (Stage 1) 

At this stage, the viscosity increases rapidly as the large polymer segments combine with 

other large polymer segments. Eventually, polymer becomes so large that very high temperature 

is required to permit the molecules to flow past each other (high temperature thermoplastics) or a 

three dimensional network begins to form (thermosets).  

4.2.3 Gel Point 

For thermosets, gelation occurs when the molecular weight of the crosslink tends to 

infinity and the material becomes insoluble and non-fusible, and therefore can no longer flow. In 

other words, the viscosity tends to infinity. Gelation is an irreversible phenomenon and if it 

happens before the gasses are removed or consolidation is complete, the corrective actions are no 

longer possible. The gel point is important in determining the time and temperature at which 

pressure should be applied on composite laminates. 

It should be noted that although the complex modulus does become very large at full 

cure, the actual flow component (real viscosity) becomes very small. The real component of 

viscosity will typically peak when there is a large number of large molecules but before they 

become immobile due to size or crosslinking. Also, it is possible for a material to gel (i.e. have 

molecular crosslink network that provides elastic recovery energy) while still smaller molecular 

weight polymers present that can flow under stress. As cure increases after gel, there is often a 

continuous reduction in the loss energy as these materials continue to react. 
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Gelation occurs at certain conversion level and dramatically reduces the rate of reaction 

since the molecules are no longer as free to move and locate other reactive sites in the polymers. 

As noted above, most of the reactive sites which are the source of heat are consumed while the 

molecules are relatively small. Therefore, it can be difficult to quantitatively assess the final 

stages of cure by calorimetry. Beyond gelation, monitoring the changes in mechanical and 

viscoelastic properties is a far more reliable method of material state measurements. Although 

gelation occurs over a period of time as molecular weight increases and the cross linking 

progresses, it is nevertheless desirable to define an easily determined point within that region. 

Using dynamic mechanical testing, gel point can be assigned as [39]: (a) the point that storage 

modulus and loss modulus are equal and 1tan =δ  (this is only useful when the measured value 

of G′  is less than the measured value of G ′′  at the onset of the cure), (b) the point that δtan  

becomes independent of frequency, (c) the point that loss modulus becomes maximum or starts 

decreasing, and (d)  the maximum in δtan  curve. 

4.2.4 Post Gel below the Glass Transition Temperature (Stage 2) 

At this stage, the material becomes more stiffed and since more cross-linking takes place, 

the elastic property is growing and loss modulus starts decreasing. Solidification causes more 

elastic behavior than viscous behavior. Although the loss modulus is ill defined following 

gelation, it remains significant since its measured value continues to change in a predictable 

manner even after G′  has reached a plateau value. 

4.2.5 Solid (Stage 3) 

The material is solidified and storage modulus tends to maximum plateau.  At onset of 

this stage the material exhibits a G′  value near the value of full cure at or below the temperature 

at which the cure is occurring. However, this does not imply that the cure is complete. The 
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experimental data shows that maximum storage modulus is independent of isothermal 

temperature below the glass transition temperature [38]. At this stage, the question is whether the 

material is fully cured or not?  Glass transition temperature (Tg) studies show that duration of this 

stage affects the final Tg of the part. Although part’s modulus remains constant, there might be 

still some chemical reactions between polymer chains or high temperature provides enough 

vibration to chains to relax in free spaces. 

4.2.6 Increasing to Tg∞ (Stage 4) 

If the cure temperature is below the final glass transition temperature (
∞gT ), the polymer 

will continue to cure and increase the glass transition temperature to 
∞gT (fully cure). At this 

point, the glass transition temperature of the material will not increase anymore.   

4.3 Glass Transition Temperature (Tg) Results of MTM45-1 Prepreg Using Rheometer  

As the processing temperature increases over the glass transition temperature, the rubbery 

state modulus (loss modulus) of the matrix starts to increase due to the increased free volume and 

greater molecular mobility (Figure 13). On the other hand, a significant drop in the elastic state 

modulus (storage modulus) happens indicating the relative mobility of molecular chains (Figure 

14). Upon further heating, however, chain reactions take place and result in decreasing of the 

loss modulus and increasing of the storage modulus to the maximum value again. 
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Figure 13. Loss modulus in glass transition temperature of 177oC cured 
MTM45 prepreg. 

 

Figure 14. Storage modulus in glass transition temperature of 177oC 
cured MTM45 prepreg. 
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show that for the curing temperature below glass transition temperature, higher cure 

temperatures result in higher Tg. In addition, the maximum value of the loss modulus through the 

Tg is decreasing with increasing the isothermal cure temperatures. One reason for such behavior 

is that at lower cure temperatures there are more unbounded chains and free spaces and therefore, 

it provides more relative mobility for the cross-linking network at glass transition. 

 

Figure 15. Storage modulus in glass transition temperatures of 
different curing cycles of MTM45-1 prepreg. 
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Figure 16. Loss modulus in glass transition temperatures of 
different curing cycles MTM45-1 prepreg. 
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Figure 17. Storage modulus for different isothermal cure cycles of 977-2 PW prepreg. 

 

Figure 18. Loss modulus for different isothermal cure cycles of 977-2 PW prepreg. 
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Tan δ for 977-2 PW prepreg was obtained from the storage modulus and the loss modulus 

data. In Figure 19, the consistent shape of each graph which is repeated for each cure 

temperature implies that the acceptable storage modulus and loss modulus data were obtained for 

each cure cycle. 

 

Figure 19. Tan δ for different isothermal cure cycles of 977-2 PW prepreg. 
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Figure 20. Storage modulus for the high temperature cure cycles of 977-2 PW prepreg. 

 

Figure 21. Storage modulus for the low temperature cure cycles of 977-2 PW prepreg. 
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For the high temperature cycles, the loss modulus has a significant value at the end of the 

cycle (Figure 22). Whereas, for the low temperature cycles, the loss modulus is near zero for all 

isothermal cycles (Figure 23). One reason for such behavior may be the existence of some fillers 

such as thermoplastic in the prepreg. At some cure temperatures, melting these thermoplastics 

cause limited mobility among polymer chains and therefore, higher loss modulus at the end of 

cycle.  

 

Figure 22. Loss modulus for the high temperature cure cycles of 977-2 PW prepreg. 
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Figure 23. Loss modulus for the low temperature cure cycles of 977-2 PW prepreg. 
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Figure 24. Storage modulus for different isothermal cure cycles of 977-2 UD prepreg. 

 

Figure 25. Loss modulus for different isothermal cure cycles of 977-2 UD prepreg. 
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Figure 26. Tan δ modulus for different isothermal cure cycles of 977-2 UD prepreg. 
 

In terms of cure temperature, results for 977-2 UD prepreg follow the same trend as 977-

2 PW. The maximum storage modulus is dependent of the isothermal cure temperature for the 

high temperature cure cycles (above 154oC). For these cycles, higher isothermal cure 

temperature results in lower maximum values (Figure 27). Whereas, in the low temperature 

profiles, the storage modulus values reach the same plateau values and they are independent of 

the isothermal cure temperature (Figure 28). 

0

0.5

1

1.5

2

2.5

0 100 200 300 400 500 600 700 800 900 1000

Time (min)

T
an

 δ
 

188 C 182 C 177 C 171 C 166 C 160 C 154 C 149 C 143 C
138 C 132 C 127 C 121 C 115 C



43 

 

Figure 27. Storage modulus for high temperature cure cycles of 977-2 UD prepreg. 

 

Figure 28. Storage modulus for low temperature cure cycles of 977-2 UD prepreg. 
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Also, the loss modulus has a significant value at the end of the high temperature cycles 

(Figure 29). But, for the low temperature cycles, the loss modulus is near zero for all isothermal 

cycles (Figure 30). 

 

Figure 29. Loss modulus for high temperature cure cycles of 977-2 UD prepreg. 
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Figure 30. Loss modulus for low temperature cure cycles of 977-2 UD prepreg. 
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Figure 31. Storage modulus and glass transition temperature for 977-2 UD prepreg. 

 

Figure 32. Loss modulus and glass transition temperature for 977-2 UD prepreg. 
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After obtaining the glass transition temperature, the sample was cooled down again. 

Since glass transition is a reversible event, Tg was obtained again when the temperature was 

around glass transition (Figure 31 and 32). 

Figures 33-35 show the complete cure cycles followed by the glass transition temperature 

tests of the fourteen isothermal cure cycles that obtained using the aforementioned glass 

transition test. The spikes at the end of each cycle in tan δ graph represent the phase transition at 

glass transition temperature (Figure 35). These spikes have the same shape as loss modulus in 

glass transition (Figure 34). However, tan δ data in glass transition has lower magnitude than loss 

modulus data and, therefore, lesser resolution.  

 

Figure 33. Storage modulus and glass transition temperatures 
for isothermal cure cycles of 977-2 UD prepreg.   
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Figure 34. Loss modulus and glass transition temperatures for 
isothermal cure cycles of 977-2 UD prepreg.   
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Figure 35. Tan δ modulus and glass transition temperatures 
for isothermal cure cycles of 977-2 UD prepreg. 
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Figure 36. Glass transition temperature versus cure temperature for 977-2 UD 
prepreg obtained using rheometer. 
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Figure 37. 177oC isothermal cure cycle of 977-2 UD prepreg followed by glass 
transition temperature test. 
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Figure 38. Heat of reaction for isothermal cure cycles of 977-2 UD prepreg. 

 

Figure 39. Degree of Cure for isothermal cure cycles of 977-2 UD prepreg. 
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Table 1 shows the process data obtained using DSC. Maximum heat flow time in the 

Table 1 is the time that the reaction rate is maximum. This provides the time that most of the 

exothermic heat and therefore reactions took place. As mentioned before, total heat of reaction 

(ΔH) is lower for the lower curing temperature. Although the values in the Table 1 show the 

same trend, at very high temperature cycles, the total heat of reaction in the Table 1 is not very 

accurate since some reactions happened before the cycle have reached the elevated temperature. 

Despite of this uncertainty, ΔH was used in equation (2) to find the normalized degree of cure. 

The uncertainty of ΔH does not have many effects on the results since it was only used to 

normalize the degree of cure. Furthermore, in Table 1, the final glass transition temperature for 

each cure cycle is provided. These results are very consistent with the rheometer results. The 

lower cure temperatures result in the lower final glass transition temperatures (Figure 40). 
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TABLE 1  

THERMAL ANALYSIS OF 977-2 UD PREPREG 

Cure 
Temperature 

Process Time 
(minutes) 

Max Heat Flow 
time (minute) ∆H (J/g) Tg (C) 

188oC 305.44 12.15 124.9 189.9 

182oC 304.74 12.59 142.3 183 

177oC 304.55 14.99 140.8 177.2 

171oC 304.25 18.91 143.1 171.28 

166oC 304 22.51 115.6 169.12 

160oC 303.8 30.43 106 159.39 

154oC 303.57 34.78 98.28 144.41 

149oC 303.31 41.35 78.23 132.45 

143oC 503.4 56.16 99.29 145.18 

138oC 602.67 68.35 97.27 138.43 

132oC 719.35 109.8 102 132.82 

127oC 802.64 124.8 84.84 127.41 

121oC 901.6 153..3 82.6 116.27 

115oC 1101.81 180.15 99.84 111.99 
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Figure 40. Glass Transition Temperature versus cure temperature for  
977-2 UD prepreg obtained using DSC. 
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Figure 41. Heat of reaction for isothermal cure cycles of 977-2 PW prepreg. 
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Figure 42. Degree of cure for isothermal cure cycles of 977-2 PW prepreg. 
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TABLE 2  

THERMAL ANALYSIS OF 977-2 PW PREPREG 

Cure 
Temperature 

Process time 
(minutes) 

Max Heat Flow 
time (minute) ∆H (J/g) Tg (C) 

188oC 305.44 12.15 124.9 189.9 

182oC 304.74 12.59 142.3 183 

177oC 304.55 14.99 140.8 177.2 

171oC 304.25 18.91 143.1 171.28 

166oC 304 22.51 115.6 169.12 

160oC 303.8 30.43 106 159.39 

154oC 303.57 34.78 98.28 144.41 

149oC 303.31 41.35 78.23 132.45 

143oC 503.4 56.16 99.29 145.18 

138oC 602.67 68.35 97.27 138.43 

132oC 719.35 109.8 102 132.82 

127oC 802.64 124.8 84.84 127.41 

121oC 901.6 153..3 82.6 116.27 

115oC 1101.81 180.15 99.84 111.99 
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Figure 43. Glass transition temperature versus cure temperature for 977-2 PW 
prepreg obtained using DSC. 
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modulus. Therefore, it is difficult to obtain meaningful results from DSC at high levels of 

conversions.  

 

Figure 44. Heat of flow and storage modulus for the isothermal cure of 
977-2 UD prepreg at 177oC. 

 

Figure 45 shows the comparison between the final Tg obtained using rheometer for 977-2 

UD prepreg and the final Tg obtained using DSC for 977-2 UD (DSC 1) and 977-2 PW (DSC 2) 

prepregs. Results follow the same trend with a small temperature offset.  

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
0 100 200 300 400 500 600

Time(min)

H
ea

t F
lo

w
 (W

/g
)

0

50

100

150

200

250

300

350

G
' (

M
Pa

)

Heat Flow Storage Modulus



61 

 

Figure 45. Glass Transition Temperature versus cure temperature using 
different techniques. 
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CHAPTER 5  

MODELING APPROACH 

The formation of cross-linking during curing can be mapped into two stages: increasing 

of the loss modulus (dissipating some of the energy due to deformation) before the gel point and 

decreasing of the loss modulus after the gel point. This energy dissipation (loss) is proportional 

to the viscous cross-linking networks with the density of X . Therefore, the loss modulus 

determined at small deformation can be related directly to X  [40], 

KXG =′′  (17) 

If the rate of formation of the viscous cross-linking is proportional to the density of cross-

linked networks that already formed and have the viscous behavior, and if the cross-linked 

networks are formed by an nth order irreversible reaction [40,41], then by analogy with an nth 

order irreversible chemical reaction, it can be written,  

nXk
dt
dX

1=
 

(18) 

The constant of 1k  should be directly related to the chemical rate constant since cross-

linked networks are formed by the chemical reactions. If gel point is assigned to be the 

maximum value of the loss modulus, the rate of formation of X  (
dt
dX ) is positive before gel 

time (increasing in viscosity) and it is negative after gel time (decreasing in the viscous behavior 

of the material) and finally it is zero at the gel point. Thus, 
dt
dX is a function of gel time and 

therefore, it is a function of curing time, 
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)( gelttf
dt
dX

−∝
 

(19) 

 

For the sake of simplicity, it is assumed that )( gelttf − is a linear function of time. 

Therefore, 

)()( 2 gelgel ttkttf −=−  (20) 

 

also, 

)(2 gelttk
dt
dX

−∝
 

(21) 

By combining equations (18) and (21) for n=1 (the first order reaction), it follows, 

Xttkk
dt
dX

gel )(21 −=
 

(22) 

The equation (22) is a nonlinear homogeneous ordinary differential equation. By solving 

this equation, X can be found as, 

2
21 )(

2
1 ttkk geleX −−=

 
(23) 

By defining 21kk=λ  and using equation (17), the loss modulus (G ′′ ) can be derived as, 

2)(

2
geltteKG −−=′′ λ

 
(24) 

At the gel point, max)( GttG gel ′′==′′ , therefore from equation (24),  

2max
KG =′′

 
(25) 

Rewriting equation (24), the loss modulus will be obtained as, 

2)(
max

geltteGG −−′′=′′ λ  (26) 
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To find the storage modulus, complex dynamic modulus *G can be used to represent the 

relation between the loss modulus and the storage modulus [10,42], 

GiGG ′′+′=*
 (27) 

 

By dividing *G with the its value, equation (28) is obtained as,  

***

*

G
Gi

G
G

G
G ′′

+
′

=

 

(28) 

 

where, 

22* GGG ′′+′=
 

(29) 

 

On the other hand, it is known that, 

δtan=
′
′′

G
G

 
(30) 

 

where δ  is phase lag between stress and strain in dynamic loading. Therefore, *G  can be written 

as, 

δδ
δ

δ

δ
sincos

tan1

tan

tan1

1
22*

*

ii
G
G

+=
+

+
+

=

 

(31) 

 

Therefore, 

δcos*GG =′
 

(32) 

 

δsin*GG =′′
 

(33) 

 

From the linear viscoelastic [10], it is known that, 
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0

0* )(
γ

τ t
G =

 

(34) 

 

where 0γ is the maximum value of the dynamic shear strain applied to the specimen and it is 

constant throughout curing. )(0 tτ  is the maximum value of the dynamic shear stress measured by 

the rheometer and it varies with curing time, t, due to changes in the viscoelastic modulus 

through the curing process. Therefore, 

 

δ
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τ
cos

)(

0

0 t
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(35) 

δ
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τ
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)(

0

0 t
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(36) 

Using equation (16), equation (37) can be obtained, 

)sin)(cos
)(

(
0

0* δδ
γ

τ
i

t
GiGG +=′′+′=

 
(37) 

where δ  is the phase lag between stress and strain in dynamic. Deriving the first derivative of 

storage modulus using equation (35) results in,  

dt
dtt

dt
Gd

o

o

o

o δδ
γ

τ
δ

γ
τ

)sin(
)(

cos
)(

−+=
′ &

 
(38) 

By combining equation (38) with equation (36), equation (39) can be obtained,  

G
dt
d

t
t

dt
Gd

o

o ′′⎥
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⎤
⎢
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(39) 
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From the equation (39), it is concluded that G
dt
Gd ′′∝

′ and for the sake of simplicity, it is 

assumed that )(
tan

1
)(
)(

ωδ
δτ

τ
k

dt
d

t
t

o

o =⎥
⎦

⎤
⎢
⎣

⎡
−

&
 and )(ωk  is a function of frequency and, therefore, it is 

constant during the cure process with a constant frequency. However, the accuracy of this 

assumption should be investigated with experimental data. Using this concept, the loss modulus 

can be integrated over the curing time to obtain storage modulus, 

dteGkG
t

tt gel∫ −−′′=′
0

)(
max

2λ  (40) 

Finally, by combining equations (26), (37) and, (40), dynamic modulus can be obtained 

as, 

22 )(
max

0

)(
max

* gelgel tt
t

tt eGidteGkG −−−− ′′+′′= ∫ λλ  (41) 
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CHAPTER 6  

MODELING RESULTS AND DISCUSSION 

6.1 Modeling Results for MTM45 and MTM45-1 Prepregs 

The storage modulus and loss modulus data were normalized using equations (42) and 

(43),  

minmax

min~
GG

GGG
′−′

′−′
=′

 
(42) 

minmax

min~
GG

GGG
′′−′′

′′−′′
=′′

 
(43) 

Normalized storage modulus is often defined as a mechanical degree of cure ( mα ) [39]. 

However, this idea is challenged by the fact that storage modulus is essentially unchanged after 

the glass transition temperature is exceeded the temperature of the cure. On the other hand, if the 

cure temperature is significantly below 
∞gT , cure will continue. 

Figures 46-49 show the model and the experimental data for the isothermal cure 

temperatures of MTM45 and MTM45-1 prepregs. These comparisons show that the model 

follows the key stages of the curing carefully. In addition, Figure 50 shows the model from 

equation (41) and the experimental data obtained at 110oC for both the storage modulus and loss 

modulus on the same graph. 
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Figure 46. Isothermal storage modulus model for MTM45 prepreg. 

 

 

Figure 47. Isothermal storage modulus model for MTM45-1 prepreg. 

0 100 200 300 400 500 600 700 800 900

0  

0.2

0.4

0.6

0.8

1  

Time (min)

N
or

m
al

iz
ed

 G
p 

MTM45 Prepreg

Experimental data 177 C
Model 177 C
Experimental data 110 C
Model 110 C
Experimental data 90 C
Model 90 C

0 100 200 300 400 500 600 700 800 900

0  

0.2

0.4

0.6

0.8

1  

Time (min)

N
or

m
al

iz
ed

 G
p 

MTM45-1 Prepreg

Experimental data 177 C
Model 177 C
Experimental data 110 C
Model 110 C
Experimental data 90 C
Model 90 C



69 

 

Figure 48. Isothermal loss modulus model for MTM45 prepreg. 

 

 

Figure 49. Isothermal loss modulus model for MTM45-1 prepreg. 
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Figure 50. Isothermal dynamic modulus model for MTM45 at 110oC. 
 

Results show that the model carefully follows the rheological properties of the material 

during the curing cycle from the viscous stage to the fully solid stage. In addition, finding the 

parameters of the model is very easy since all the parameters are the linear function of cure 

temperature (Figures 51-53). Table 3 shows the parameters of the model for viscoelastic 

behavior of the MTM45 and MTM45-1 and for the different isothermal curing cycles. Since the 

model was applied on the normalized data, max
~G ′′ is equal to 1.  
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TABLE 3  

PARAMETERS OF THE MODEL FOR VISCOELASTIC 
BEHAVIOR OF THE MTM45 AND MTM45-1 PREPREGS 

 

 
k  gelt λ  

MTM45 MTM45-1 MTM45 MTM45-1 MTM45 MTM45-1 

90oC 0.01533 0.0116 441.3 490.8 0.00074 0.000483 

110oC 0.02884 0.026 197.4 237.6 0.002616 0.002229 

177oC 0.1216 0.1111 22.71 31.2 0.046488 0.049405 

 

Three variables of the model ( k , gelt  and λ ) can be found as a function of the temperature. 

Here in this study, gel time ( gelt ) is described using the exponential isothermal temperature 

relationship [43] such as equation (44). 

T
fgel

feTt βα=)(  (44) 

Figure 51 shows gel time versus isothermal cure temperatures from 90oC to 177oC for the 

MTM45 prepreg. The linear exponential model is -0.04148T20660e)( =Ttgel . 
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Figure 51. Gel time for the different isothermal cure cycles of MTM45 
prepreg. 
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Figure 52. )(Tk  for the different isothermal cure cycles of MTM45 prepreg. 
 

Figure 53 shows )(Tλ  versus cure temperatures from 90oC to 177oC for MTM45 prepreg. 

)(Tλ  was fitted using a exponential function: 0.04212T-5e103.079)( ×=Tλ . 
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Figure 53. )(Tλ  for the different isothermal cure cycles of MTM45 prepreg. 
 

6.2 Modeling Results for 977-2 PW and 977-2 UD Prepregs 

Figures 54-57 show the model and the experimental data for different isothermal cure 

temperatures of 977-2 PW and 977-2 UD prepregs. These comparisons show that the model 

follows the key stages of the curing for this set of prepregs as well.  
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Figure 54. Isothermal storage modulus model for 977-2 PW prepreg. 

 

Figure 55. Isothermal loss modulus model for 977-2 PW prepreg. 
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Figure 56. Isothermal storage modulus model for 977-2 UD prepreg. 

 

Figure 57. Isothermal loss modulus model for 977-2 UD prepreg. 
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Table 4 shows the parameters of the model for viscoelastic behavior of the 977-2 PW and 

977-2 UD Prepregs and for the different isothermal curing cycles. Since the model was applied 

on the normalized data, max
~G ′′ is equal to 1.  

 

TABLE 4 

PARAMETERS OF THE MODEL FOR VISCOELASTIC 
BEHAVIOR OF THE 977-2 UD AND 977-2 PW PREPREGS 

 

 

 

k  gelt λ  

977-2 UD 977-2 PW 977-2 UD 977-2 PW 977-2 UD 977-2 PW 

115oC 0.00550 0.005357 630.7 688.8 0.000105 0.000101 

138oC 0.00828 0.008130 298.4 351.4 0.000227 0.000226 

154oC 0.009693 0.008496 197.2 229.6 0.000393 0.000244 

177oC 0.00858 0.007135 123.8 158.9 0.000249 0.000181 
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CHAPTER 7  

CONCLUSIONS 

The principal purpose of this study was to investigate a new technique to monitor the 

actual material states, by measuring the cure states of four commercial prepregs during an array 

of isothermal cure cycles. The rheological parameters such as storage modulus, loss modulus 

and, tan δ were obtained using an encapsulated sample rheometer. Key parameters of the curing 

cycles during different stages were correlated with viscoelastic properties.  

For each cure cycle, glass transition temperature was obtained using rheometer and 

results were correlated with isothermal cure temperatures. The results indicated that the 

maximum storage modulus does not indicate that the glass transition temperature reaches the 

final value. In this study, higher glass transition temperatures were obtained with higher cure 

temperatures.  

The thermal analysis of the prepregs during cure was carried out using Differential 

Scanning Calorimetry (DSC). The heat of reaction and degree of cure for different isothermal 

cure cycles were obtained. Calorimetry results were compared with the rheometry results and the 

importance of the proposed approach in monitoring of cure was discussed in this work. In 

addition, the glass transition temperatures of the isothermal cure cycles were obtained using DSC 

and the results were compared with the rheometer results. Both methods showed the same trend 

for the glass transition temperature. Rheometer and DSC can be coupled in order to obtain the 

complete picture of cure from the different points of view.  

An isothermal semi-empirical cure model based on the viscoelastic properties of resin 

and prepreg in a constant frequency was developed to be used in controlling cure with time and 
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temperature feedback. The model was compared with the experimental data. Results indicated 

that this model could carefully fit the isothermal experimental data and it could address an 

unknown modification to a prepreg. The parameters of the model were functions of the 

temperature and, therefore, could be validated and found during the process. The model can be 

used by a process engineer to monitor, control, and optimize a process and to aid in the curing of 

parts that have time and temperature history discrepancies.  

The approach of this project in process control requires little or no change in shop 

practice since the only in-situ sensors remain the existing thermocouples, and the modeling and 

model verification can be done in the software using temperature feedback. In addition, the 

viscoelastic approach to the process control can be used to substitute time-temperature curing 

specifications with measurements of viscoelastic properties of the resin and prepreg during 

curing. The availability of cure data and cure models based on viscoelastic properties could 

provide additional tools for the adjustment of raw materials and cure parts that do not precisely 

meet temperature history requirements. This could allow for tuning of the curing within specific 

constraints. This approach should result in significant cost savings by eliminating the need for re-

qualification of the raw materials when the time allotted for shelf life of the materials has 

expired. This approach can also reduce the need to scrap the materials if the number of allowed 

re-qualifications has been exceeded. As such, if the specified requirements were modified to 

allow for estimated material state properties at an actual storage temperature and if re-

qualification were based on measured viscoelastic behavior, much of the re-qualification testing 

could be eliminated and material scrapping would be based on the loss of necessary material 

properties and not on an arbitrary time clock. 
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