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SYNOPSIS 

The time-temperature-transformation (TTT) isothermal cure diagram and the continuous- 
heating-transformation (CHT) cure diagram are calculated from a reaction model for a 
high-T, epoxy lamine system that has been developed to describe both epoxy/amine and 
etherification reactions in kinetically and diffusion-controlled reaction regimes. The cure 
diagrams are applied to various processing operations. The optimization of processing and 
of material properties by exploiting gelation and/or vitrification during cure is discussed. 
0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

The time-temperature-transformation ( TTT) iso- 
thermal cure diagram, adapted to thermosetting 
polymers’*2 and shown in Figure 1, provides an in- 
tellectual framework for understanding the curing 
process. During cure to full conversion, the glass 
transition temperature (T,) increases from the value 
for the uncured monomer mixture ( Tgo) to the “fully 
cured” value ( Tgm ) . When the isothermal cure tem- 
perature, T,, is much lower than T,,, the reaction 
generally becomes diffusion-controlled as Tg in- 
creases through T, and a limiting value of T,, which 
depends on T,, is obtained. Gelation and vitrification 
are the two principal transformations that may occur 
during cure: Molecular gelation is the incipient for- 
mation of infinite molecules that occurs in the sim- 
plest systems at a fixed conversion and a Tg of gelTg; 
vitrification is solidification that is defined to occur 
when Tgsreaches T,. The continuous-heating-trans- 
formation (CHT) cure diagram is similar to the 
TTT isothermal cure diagram but displays the time 
to transformations that occur during the course of 
continuous heating at  different heating  rate^.^-^ 
Since gelation and vitrification control the rheology, 
reaction rate, density, dimensional stability, internal 
stresses, and, in fact, all properties of a thermoset- 
ting material, these transformations can be exploited 

during cure to optimize processing and final material 
properties. To that end, the TTT and CHT cure 
diagrams are used in this article to design 
time/ temperature cure paths for various processing 
operations. Although the cure diagrams can be ob- 
tained, in principle, directly from experiments, their 
quantitative exploitation requires development of a 
reaction model. 

Previous work in our laboratory modeled the ki- 
netics and calculated the TTT isothermal cure dia- 
gram and the CHT cure diagram for the stoichio- 
metric ratio (1 : 1) of an aromatic difunctional 
epoxy /aromatic tetrafunctional diamine system in 
both the kinetically and diffusion-controlled regimes 
using Tg as the primary ~ a r i a b l e . ~ . ~  In the present 
work, the model presented has been modified by in- 
corporation of the etherification reaction to describe 
the cure of both an amine-rich mixture and an 
epoxy-rich mixture, again using Tg as the primary 
variable. Off-stoichiometric mixtures are used in or- 
der to further test the model and also because prop- 
erties after cure may be optimized by using off-stoi- 
chiometric mixtures? (e.g., Tgm is actually higher 
for the epoxy-rich system studied in this work than 
for the 1 : 1 system). TTT isothermal cure and CHT 
cure diagrams are calculated for both of the off-stoi- 
chiometric epoxy/amine systems using the model 
of the reaction. More complete reports on the re- 
action model are a~ailable.’~~ Application of the dia- 
grams to various processes in order to optimize the 
processes or the final material properties is dis- * To whom correspondence should be addressed. 
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MATERIALS 

Figure 1 Generalized TTT isothermal cure diagram with iso-T, contours. Gelation, vit- 
rification, and iso-T, ( = isoconversion) contours are shown, as are the various states of 
the material. 

The chemical system used is a liquid difunctional 
epoxy, a diglycidyl ether of bisphenol A (DER 332, 
Dow Chemical Co.: 174 g/equiv; theoretical 170 g/ 
equiv) , cured with a crystalline tetrafunctional ar- 
omatic diamine, trimethylene glycol di-p -amino- 
benzoate (TMAB, Air Products Corp., 78.5 g/equiv, 
melting point = 125°C). The chemical structures of 
the reacting materials are shown in Figure 2. Two 
off-stoichiometric ratios of the reactants are studied: 
an excess amine mixture (1 : 1.2 epoxy groups to 
amino hydrogen atoms) and an excess epoxy mixture 
(1 : 0.8 epoxy groups to amino hydrogen atoms). 
Samples were mixed at  100°C until the solutions 
became clear and homogeneous. The mixtures were 
stored in a freezer until needed ( = -15°C). Minimal 
reaction occurs during the initial mixing process?.' 
The glass transition temperatures of the uncured 
mixtures, Tgo, are -4 -+ 1 and -9 -+ 1°C for the 
amine-rich and epoxy-rich stoichiometries, respec- 
tively, as compared to a value of -5°C reported for 
the 1 : 1 mixture! 

EXPERIMENTAL 

All experimental data reported in this work were 
obtained from differential scanning calorimetry 
(DSC) studies using a Perkin-Elmer DSC-4 unit. 
Ten to fifteen milligram samples of uncured resin 
were sealed in aluminum DSC pans. A simple DSC 
temperature scanning experiment from -30 to 
350°C at 10"C/min yields the Tg and the exothermic 
residual heat of the epoxy /amine reactions for both 
epoxy-rich and amine-rich samples. To obtain the 
conversion of the etherification reaction in the 
epoxy-rich samples, a second type of DSC experi- 
ment was performed since a simple temperature scan 
is complicated by thermal degradation at the high 
 temperature^^'^: A temperature scan from -30 to 
320°C at 10"C/min yields the T, and the exothermic 
residual heat of the epoxy/amine reactions and then 
an isothermal hold at 320°C for 60 min yields the 
residual heat of the excess epoxy reactions. Samples 
were cured for various cure times, t ,  ranging from 
10 min to 24 h, in the preheated DSC unit at iso- 
thermal cure temperatures, T,, from 100 to 200°C 
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CHEMICAL REACTANTS 

Diglycidyl Ether of Bis-phenol A 

Trimethylene Glycol Di-p-aminobenzoate 

Chemical structures of the reactants. Figure 2 

and cooled at  10"C/min to -30°C prior to the DSC 
temperature scanning experiment. Samples cured 
for cure times ranging from 1 to 7 days were cured 
in an oven at  isothermal cure temperatures from 
100 to 2OO"C, allowed to free cool to room temper- 
ature, and then quenched in the DSC unit from room 
temperature to -30°C prior to the temperature 
scanning experiment. Samples that vitrified during 
cure ( Tg > T,) had the effects of physical aging on 
Tg removed by stopping the DSC temperature scan- 
ning experiment immediately after the endothermic 
relaxation at Tg, quenching at 320"C/min to -3O"C, 
and then rescanning to obtain the unaged Tg and 
the ,exothermic residual heat (s) of r e a ~ t i o n . 6 , ~ ~ ~  No 
discrepancies were observed between samples cured 
in the DSC unit and samples cured in the oven or 
between those that did or did not vitrify during cure. 

The fractional conversion of epoxy, x ,  for the 
amine-rich system is determined assuming that only 
epoxy/amine reactions occur and that all of the 
epoxy can react: 

where AHr, and MT1 are the residual heat and total 
heat (-102 f 8 kJ/mol of epoxy) of the epoxy/ 

amine reactions, respectively. The fractional con- 
version of epoxy for the epoxy-rich system is due to 
both the epoxy/amine reactions and the reactions 
of excess epoxy. Assuming that the stoichiometric 
amount of epoxy reacts with amine with the excess 
reacting via etherification, 

where the subscript 2 refers to the reaction of excess 
epoxy, with AHT2 being approximately -84 f 13 
kJ/mol of reacting epoxy, 20% less than the total 
heat for the epoxy/amine reactions ( AHTI)  as ob- 
served by other researchers." 

REACTION MODEL AND CALCULATION 
OF CURE DIAGRAMS 

Chemical Kinetics 

Three principal reactions occur in epoxy /amine 
systems: the stepgrowth reactions of epoxy with pri- 
mary and secondary amines catalyzed by hydroxyl, 
and the much slower polymerization reaction of 
epoxy with hydroxyl generated from the epoxy/ 
amine reactions catalyzed by base: 
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" 
CH-OH 
I 

A -cH-cHz-*- 
I I 

-CH--cHz + -yH- 
base OH \ I  0 OH 

where kl0, kzO, and k30 are the rate constants. Due 
to the high concentration of hydroxyl relative to the 
epoxy in the later stages of cure when the reaction 
between epoxy and hydroxyl is significant (see 
later), this reaction is considered to terminate a t  
the first step, resulting in etherification, rather than 
in polyetherification. 

The stoichiometric reaction of the epoxy/amine 
system investigated has been satisfactorily described 
by a second-order mechanism for the epoxy/amine 
reactions autocatalyzed by hydroxyl groups gener- 
ated during the reaction assuming equal reactivities 
of amino hydrogense6 The same model has been used 
to describe the off-stoichiometric systems but with 
the added complexity of the etherification reaction 
and a consideration of unequal reactivities of amino 
hydr0gens.8.~ The reaction model is described in this 
work since it will be used as an example to calculate 
the TTT and CHT cure diagrams, which are then 
applied to various processing applications. 

The epoxy/amine reactions are assumed to be 
first order with respect to epoxy, amine, and hy- 
droxyl concentrations." Etherification is assumed 
to be first order with respect to both epoxy and hy- 
droxyl concentrations and is not considered to be 
catalyzed by tertiary amine due to steric hindrance 
as in the work of other researchers.12 Note, however, 
that if etherification were catalyzed by tertiary 
amine, the concentration could be implicitly incor- 
porated into the rate constant since it is constant 
when the reaction becomes significant. The change 
with time of epoxide and primary amine fractional 
conversions, x and xl, respectively, can be described 
by the following differential equations: 

dx 
dt 
- =  k1(1 - X ) ( X  + b ) ( l  - 2 1 )  

+ k2( 1 - X )  ( x + b) ~2 + k3( 1 - x 

= k1(1 - X ) ( X  + b ) ( l  - X I  + L Y X ~ )  

ks(1 

X 

dX1 
~ = k l r ( 1  - X ) ( X  + b ) ( l  - xl) 
dt (4) 

where x2 is the yield of tertiary amine and is related 
to x and x1 .8t9 The first two terms on the right-hand 
side of eq. ( 3 )  describe the reaction of epoxy with 
primary and secondary amines, respectively, 
whereas the third term describes the reaction of 
epoxy with hydroxyl. The stoichiometric ratio, r ,  is 
eo/alo, where eo and alo are the initial concentrations 
of epoxy and primary amine, respectively. The pa- 
rameters in the equations are determined by fitting 
the experimental DSC data.',' The rate constants 
are normalized Arrhenius rate constants, having 
units of time-': kl = kloeoalo and k3 = k30eo. At 
15OoC, k1 = 0.37 min-'. The dimensionless ratio of 
the normalized rate constants for the reactions of 
epoxy with secondary and with primary amine 
groups, a = kz/  kl,  is found to be 0.5, indicating equal 
reactivities of amino hydrogens, within the range of 
0.1-0.5 observed by other researchers using various 
 method^.'^-'^ The dimensionless ratio of the nor- 
malized rate constants for the reactions of epoxy 
with hydroxyl and primary amine groups, p = k3/  
k l ,  is found to be 0.001. The low value of /3 results 
in the etherification reaction being significant only 
in the epoxy-rich system and then only after essen- 
tially all amino hydrogens have been depleted, in 
agreement with other  researcher^.^^^'^^^^^^^^^' The 
constant b is considered to be the concentration of 
initial hydroxyl or impurities that catalyze the re- 
action and is particularly significant at low conver- 
sions." The values of b are 0.05 and 0.10 €or the 
epoxy-rich and amine-rich systems, respectively, 
with the difference being attributed to more pre- 
reaction in the amine-rich system due to the longer 
time of mixing (30 vs. 15 min at 100°C). The ac- 
tivation energies for the epoxy/amine and etheri- 
fication reactions appear to be identical at 15.5 kcal/ 
mol from time-temperature superposition of con- 
version vs. log time data.'p9 

Diffusion control becomes important for the re- 
actions in the vicinity of vitrification, Tg = T,, and 
must be incorporated into the reaction model. Sim- 
ilar to other work in this area,6,20,21 diffusion control 
in this work is accounted for by assuming that the 
time scale for the disappearance of a reactant (1 /  
ki , where i is 1 or 3 )  is equal to the time scale for 
chemical reaction in the absence of diffusion (1 / k c )  
plus the time scale for diffusion ( 1 /kd) : 

(5 )  
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The time scale for diffusion is considered to depend 
on the fractional free volume in the Doolittle 
equation2’ due to its simplicity and the satisfactory 
results: 

where A and bd are taken as adjustable parameters 
and are found to be A = 100 and 0.4 for the epoxy/ 
amine ( kl ) and etherification reactions (k3), re- 
spectively, with bd = 0.2 for both stoichiometries. 
The lower value of A for the etherification reaction 
indicates a lower mobility due presumably to the 
higher cross-link density in the later stages of cure 
when this reaction is significant. The fractional free 
volume f is assumed to be the equilibrium value as 
calculated using the “universal” values found for 
various polymers from the William-Landel-Ferry 
(WLF) equation23: 

f =  (T ,  - Tg)(4.8 X lop4) + 0.025 ( 7 )  

Use of the above equilibrium equation is a good first 
approximation since the material never enters the 
glassy state for the time scales studied, but, rather, 
always cures in the rubbery or glass transition re- 
gimes with Tg I T, + 30°C (assuming the glass 
transition is 60°C wide). 

The above reaction model describes the conver- 
sion as a function of time, temperature, and Tg in 
both kinetically and diffusion-controlled reaction 
regimes in the absence thermal degradation (which 
occurs a t  temperatures above 200°C8f9). By using 
an additional relationship between conversion and 
Tgr the model describes Tg as a function of time and 
temperature. In this work, the experimental Tg vs. 
time data a t  various isothermal temperatures will 
be compared with the calculated results using the 
relationship between Tg and conversion. 

Tg vs. Conversion 

A one-to-one relationship between Tg and conver- 
sion is found for the amine-rich system and is in- 
dependent of cure temperature for the cure temper- 
atures studied, as shown in Figure 3. Similar results 
are found for various stoichiometric epoxy /amine 
 system^?*'^,^^-^^ For the epoxy-rich system, the Tg 
vs. conversion relationship shown in Figure 4 is also 
unique and independent of cure temperature for 
conversions below 0.8 where the primary reaction 
is epoxy with amine. Data a t  higher conversions 
show more scatter, and, consequently, the unique- 
ness of the relationship in this regime is not proved 
although it is expected since the activation energies 

Tg versus Conversion for Amine-Rich System 

0 

Figure 3 TB vs. conversion for the amine-rich system showing the one-to-one relationship 
independent of cure temperature. Symbols are experimental data; the solid curve is the 
calculated relationship. 
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Tg versus Conversion for Epoxy-Rich System 

0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 . o  
Fractional Conversion, x 

Figure 4 T, vs. conversion for the epoxy-rich system showing the one-to-one relationship 
independent of cure temperature. Symbols are experimental data; the solid and dotted lines 
are the calculated relationships assuming that only amine-centered or that all cross-links 
are effective in raising T,, respectively. 

of the various reactions are found to be similar and 
the epoxy/amine and etherification reactions are 
found to be sequential. The one-to-one relationship 
between Tg and conversion is important because T, 
is a more accurate and sensitive parameter for mon- 
itoring the reaction than is fractional conversion 
calculated from the residual heat of reaction.6~~~ Tg 
is also directly related to the solidification process. 
The one-to-one relationship between T, and con- 
version implies that either the molecular structure 
of the materials cured at different cure temperatures 
is the same (i.e., the competing reactions have sim- 
ilar activation energies, as is considered the case) 
or that the difference in molecular structure for ma- 
terials cured at different temperatures does not have 
a significant effect on the glass transition temper- 
ature (i.e., the differences in structure occur on a 
sizescale smaller than that measured by T,) . 

The Tg vs. conversion data are fit by an adaptation 
of a recently published equation that is based on the 
DiMarzio equation28 and that relates Tg to the con- 
version and cross-link density of the material1': 

where x is the fractional conversion of epoxy. The 
variable X is taken as the effective cross-link density 
of trifunctional cross-links in this work, since in the 
epoxy-rich system, two types of trifunctional cross- 
links are formed that may not be equally effective 
in raising Tg: The reaction of epoxy with amine re- 
sults in the typical nitrogen-centered (amine) cross- 
links, whereas the etherification reaction may result 
in a carbon-centered cross-link and an amine cross- 
link. The cross-link density due to each type of cross- 
link is  determined'^^ as a function of conversion us- 
ing the recursive theory,29 which assumes that no 
intramolecular reactions occur prior to gelation. The 
parameters k ,  K ,  and \k reflect the effects on Tg of 
chain ends, cross-links, and the non-Gaussian na- 
ture of the segments between cross-links, respec- 
tively. The calculated curves are shown in Figures 
3 and 4 ,  using k = 0.00175eo, K = 0.24, and \k = 0.0, 
where eo is the initial concentration of epoxide in 
moles per total moles reactants?.' In the epoxy-rich 
system, two curves are plotted for the two extreme 
cases: one in which all cross-links are considered 
equally effective, and the other in which only nitro- 
gen-centered ( amine ) cross-links are considered ef- 
fective. The data are better predicted in the latter 
case in which only nitrogen-centered cross-links are 
considered effective at raising the Tg. The use of the 
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theoretical equation reduces the effect of scatter in 
the residual heat data, especially a t  high conversions 
for the epoxy-rich system, and will be used to trans- 
form conversion to T, when using the reaction model 
to calculate Tg as a function of time and temperature. 
Consequently, the T, vs. conversion relationship 
described by eq. (8) will be used in the reaction 
model. However, an empirical fit of the experimental 
data could alternately be used in the model. 

Calculation of Tg vs. Time 

The calculated Tg vs. In time curves (solid lines) 
satisfactorily fit the experimental data in Figures 5 
and 6 for isothermal cure temperatures from 100 to 
200°C. In the amine-rich system, the data level off 
a t  Tgm (=  16OOC) for high cure temperatures due 
to full conversion of epoxy in the absence of deg- 
radation reactions. In the epoxy-rich system, T, be- 
gins to level off upon full conversion of the amine 
at Tgml ( N 120°C) and, then, subsequently increases 
to Tgmp (= 180°C) upon full conversion of the epoxy. 
The model also satisfactorily fits the experimental 
data of the 1 : 1 stoichiometric  system,'^^ as would 
be expected. 

The reaction model with diffusion control incor- 
porated [ eq. ( 3 ) - ( 7 ) ] can be used not only to cal- 
culate the conversion (or T, using the relationship 
between T, and conversion) as a function of time 

8 Y 

a, 
I- 

for an isothermal cure as shown in Figures 5 and 6, 
but also for calculating time-temperature-transfor- 
mation (TTT) isothermal cure diagrams and the 
continuous-heating-transformation ( CHT) cure 
diagrams. Procedures for calculating the TTT and 
CHT cure diagrams have been d e s ~ r i b e d . ~ , ~ , ~ ~  These 
diagrams can be then used to design time/temper- 
ature cure paths that exploit gelation and/or vit- 
rification in order to optimize processing or final 
material properties for various processing opera- 
tions. 

Time-Temperature-Transformation (111) 
Isothermal Cure Diagrams 

Figures 7 and 8 show the calculated TTT isothermal 
cure diagrams for the two off-stoichiometric systems. 
The diagram is calculated by numerical integration 
of the reaction model to yield the conversion and T, 
vs. time at various cure temperatures. Utilizing the 
results of the integration, the times to gelation ( T, 
= gelTg) and vitrification ( Tg = T,) are plotted as a 
function of cure temperature on the diagram and 
result in the gelation and vitrification contours, re- 
spectively. The iso-T, contours (every 20°C from Tg 
= 0°C to Tgm ) are similarly plotted on the diagram. 
The gelation curves correspond to iso-T, (isocon- 
version) contours: Gelation occurs at the incipient 
formation of infinite molecules that would occur in 

Tg versus Ln Time for Arnine-Rich System 
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Ln Time (min) 

Figure 5 
curves are calculations from the reaction model. 

Tg vs. In time for the amine-rich system. Symbols are experimental data; solid 
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Tg versus Ln Time for Epoxy-Rich System 

200 -j I 

1 3 5 7 9 1 1  

Ln Time (min) 

Figure 6 
curves are calculations from the reaction model. 

Tg vs. In time for the epoxy-rich system. Symbols are experimental data; solid 

the absence of intramolecular reactions3' at theo- 
retical epoxide fractional conversions of 0.65 and 
0.53 (corresponding to Tg's of 69 and 46OC) for the 
epoxy-rich and amine-rich systems, respectively. 
There is a noticeable difference in the shapes of the 

vitrification curves for the two off-stoichiometric 
mixtures. The vitrification curve of the amine-rich 
system levels off a t  cure temperatures close to its 
Tgm, as expected, due to full conversion of the epoxy, 
whereas the vitrification curve for the excess epoxy 
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1 2 0  
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4 0  

2 0  

0 

- 2 0  

Calculated TTT Isothermal Cure Diagram 
for Amine-Rich System 

h\\\' \ ' I 1 I 

- Vi t r i f i ca t ion  
Gelation 

~ Iso-Tg Contour 

---- 
(Tg=O to 160, every 2 0 ° C )  

1 2 3 4 5 

Log Time (min) 

Figure 7 
gelation, vitrification, and iso-T, (every 20°C from 0 to Tgm ) contours. 

Calculated TTT isothermal cure diagram for the amine-rich system, showing 
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Calculated TTT Isothermal Cure Diagram 
for Epoxy-Rich System 

Vi l r i f i ca l ion  1 -Gelation 

t -  Iso-Tg Contour Y 
Tgo = -9°C (Tg=O to 180, every 2 0 ° C )  0 

- 2 0  1 I . *  I I I 
1 2 3 4 5 

Log Time (min) 

Calculated TTT isothermal cure diagram for the epoxy-rich system, showing Figure 8 
gelation, vitrification, and iso-T, (every 20°C from 0 to Tgm) contours. 

system begins to level off at Tgml, corresponding to 
full conversion of amine, but then increases again 
and levels off a t  Tgm2 at the full conversion of epoxy. 

At gelation ( Tg = ge,Tg), the viscosity becomes 
infinite, and any flow that needs to occur in pro- 

cessing must occur prior to gelation. If the relation- 
ship between viscosity and conversion is known, 
viscosity can be calculated as a function of time and 
temperature and isoviscosity curves can be included 
in the TTT diagram2 as an aid for designing cure 

CHT Cure Diagram for Amine-Rich System: 
T and Tg versus Time for Various Heating Rates 
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Figure 9 Calculated CHT cure diagram for the amine-rich system, showing the increase 
in cure temperature (dashed lines) and Tg (solid lines) vs. log time for various heating 
rates. The heavy line is the devitrification-vitrification-devitrification contour. 



718 SIMON AND GILLHAM 

paths for processes in which flow is critical. The 
values of Tgo and gelTg relative to room temperature 
are of primary practical importance. If Tgo < room 
temperature, the uncured sol mixture is a liquid at 
room temperature and can be used as a casting fluid. 
On the other hand, if room temperature < Tgo, then 
the uncured sol material is a glassy solid at room 
temperature and, on heating, will flow and react and 
can be used in molding technologies. Further, the 
shelf life (pot life) of the uncured material depends 
on the value of gelTg: If gelTg > storage temperature, 
then even if the material reacts and solidifies during 
storage, it will remain sol and will flow upon heating 
and is still processable; however, if gelTg < storage 
temperature, then the material will gel before it so- 
lidifies and the resulting sol/gel mixture is useless 
(e.g., i t  cannot be removed by flow from its con- 
tainer). 

Calculation of Continuous-Heating- 
Transformation (CHT) Cure Diagram 

Figures 9 and 10 show the calculated CHT cure dia- 
grams for the two off-stoichiometric systems. To 
obtain the diagram, the rate constants in eqs. (3 )  
and (4 ) are assumed to be Arrhenius and the change 
in temperature with time is added to the system of 
equations: 

Figure 10 

CHT Cure Diagram 

dT 
dt 
- _  - m  

where E and A are the activation energies and pre- 
exponential factors for the rate constants and m is 
the constant heating rate. These equations, along 
with eqs. (5) - ( 7 ) ,  which account for diffusion con- 
trol, and eq. (a ) ,  which relates Tg to conversion, are 
numerically integrated to yield conversion, Tg , and 
temperature as a function of time of reaction. The 
initial conditions for the integration were zero con- 
version and a temperature of -20°C. If the initial 
temperature is above Tgo, different results will be 
obtained. To obtain the CHT diagram, Tg and tem- 
perature are plotted vs. reaction time for various 
heating rates. The devitrification /vitrification /de- 
vitrification contour, which is the heavy solid con- 
tour in Figure 9 and Figure 10, is obtained by con- 
necting the points where the Tg and temperature 
contours cross (i.e., where Tg = T,). To the left of 

for Epoxy-Rich System: 
T and Tg versus Time for Various Heating Rates 
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Calculated CHT cure diagram for the epoxy-rich system, showing the increase 
in cure temperature (dashed lines) and TB (solid lines) vs. log time for various heating 
rates. The heavy line is a contour that includes devitrification and vitrification. 
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the contour, T, < T, for each heating rate and the 
material is curing in the liquid, rubber, or glass 
transition region above T,; to the right of the con- 
tour, T, > T, for each heating rate and the material 
is curing in the glassy state or in the glass transition 
region below T, . The devitrification-vitrification- 
devitrification contours are different shapes for the 
two off-stoichiometric systems, as might be ex- 
pected. The contour in the amine-rich system is the 
typical S-shaped contour, with initial devitrification 
occurring in the lower portion of the curve, vitrifi- 
cation occurring in the intermediate region, and final 
devitrification occurring in the upper portion. In the 
epoxy-rich system, the etherification reaction com- 
plicates matters. In this case, the five segments of 
the curve represent initial devitrification, vitrifica- 
tion, devitrification, vitrification, and final devitri- 
fication. Another difference in the two systems is 
that, a t  the fastest heating rates shown, the epoxy- 
rich system does not reach full cure until the cure 
temperature is well above 250°C where thermal 
degradation reactions may occur. In practice, a 
ramp/hold cure should be used, with the hold at  
temperatures below those at which thermal degra- 
dation occurs but in the vicinity of T,, (see later). 

The CHT diagrams show that for heating rates 
higher than an upper limiting value (2 0.07 and 
0.02"C/min for the amine-rich and epoxy-rich sys- 
tems, respectively), the average rate of increase of 
T, is lower than the heating rate for all conversions 
so that the reaction is always kinetically controlled 
(i.e., T, < T, throughout cure even though the in- 
stantaneous rate of increase of T, may be greater 
than the heating rate a t  a particular conversion). 
Conversely, for very low heating rates ( < O.O0004"C/ 
min for both systems), the rate of increase of T, is 
limited by the heating rate such that T, > T, 
throughout cure and the reaction is always diffision- 
controlled. Between these limiting heating rates, the 
amine-rich material will react initially in the liquid 
state ( T, < T,) , then it will vitrify as T, catches up 
to T, and react in the diffusion-controlled regime 
( Tg > T,), and then as the reaction slows due to 
depletion of the reactants a t  high conversions, T, 
will fall behind T, and the material will devitrify 
and finish curing with T, < T,. Similarly, in the 
epoxy-rich system, the material may vitrify during 
the epoxy/amine reactions and then devitrify and 
cure in the rubbery state during the etherification 
reaction, or a t  lower heating rates, the material will 
vitrify during the epoxy/amine reactions and will 
not devitrify until high conversions after the eth- 
erification reaction is almost completed. 

The two limiting regimes in the CHT diagram 
are important. For rapid curing operations, the re- 
action should be in the kinetically controlled regime 
throughout cure, and the material must be heated 
more rapidly than the upper limiting heating rate 
value. Conversely, curing in the glass transition re- 
gion below T, using the lower limiting value of the 
heating rate will yield material with maximum den- 
sity and minimum internal stress due to the fact 
that no change of state will occur during curing and 
because the rate of physical aging (densification to- 
ward physical equilibrium) is greatest just below T, . 
Note that the final T, must be less than Tgm so that 
T, > T, throughout and after cure in order to retain 
the maximum density? 

DISCUSSION 

Processing applications of the TTT and CHT dia- 
grams that exploit or depend on gelation and/or 
vitrification will be discussed further below. Some 
of these examples may not be applicable to the pres- 
ent thermoset system, but are included to demon- 
strate and expound upon the concepts presented. 

Processing to Achieve Full Conversion 

Full conversion of a thermosetting material that 
reacts via a step-growth mechanism, such as the 
systems studied in this work, can be obtained by 
curing (or postcuring) only in the vicinity of or above 
T,, since the reaction rate generally decreases sev- 
eral orders of magnitude as the material vitrifies, 
generally over a region of T, = T, f 20 to 40°C. To 
achieve full conversion in the shortest time, a ma- 
terial must be reacted in the liquid state or after 
gelation in the sol/gel rubber state. Curing (or post- 
curing) a t  cure temperatures > T,, + 20 to 40°C 
will generally ensure that full conversion is reached 
in a practical time for high-T, systems, assuming 
that thermal degradation reactions are not signifi- 
cant at these relatively high reaction temperatures. 
If thermal degradation reactions do complicate the 
cure, a cure/postcure sequence is advisable to reduce 
the time at the higher reaction temperatures, al- 
though in some cases, especially with very highly 
cross-linked systems (i.e., high T,, ) , full cure with- 
out thermal degradation may never be realized in 
practice. In the amine-rich system studied, full cure 
can be achieved for cure temperatures of T,, + 20°C 
= 180°C in reasonable times ( N 100 min), whereas 
in the epoxy-rich system, full cure is impossible to 
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achieve in comparable times due to the slow rate of 
the etherification reactions coupled with the pres- 
ence of thermal degradation reactions. The mini- 
mum time to obtain fractional conversions greater 
than 0.99 in the epoxy-rich system is 5000 min at  
T, = Tga2 + 20°C = 2OO"C, assuming thermal deg- 
radation does not occur. 

Application to Cure of large Parts 

When curing large structures, such as an aircraft 
wing, the exothermic reaction will cause increased 
reaction rates and even degradation reactions if the 
rate of heat production (exotherm) is greater than 
the rate of heat dissipation. Inferior mechanical 
properties may result. Furthermore, the temperature 
gradients caused by large exotherms, with the center 
of the part generally being hotter than the exterior, 
may result in voids and stresses. Depending on the 
cure temperature (oven temperature), the temper- 
ature gradients will result in the inside or the outside 
of the part vitrifying first, as shown in Figure 11: If 
the cure temperature is below the cure temperature 
at which the time to vitrification is a minimum, the 
hotter interior will vitrify first; whereas if the cure 
temperature is above the cure temperature at which 
the time to vitrification is a minimum, the cooler 
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exterior will vitrify first. The latter condition, where 
the exterior vitrifies prior to the interior, will result 
in greater internal stresses in the final part since 
contraction of the interior will be constrained by 
the fixed outer dimensions. The thermal stresses can 
be relieved by heating to above Tgm , although, sub- 
sequently, a slow cooling rate through Tg must be 
used to minimize temperature gradients that will 
again result in the cooler exterior vitrifying first. 

To control the reaction rate and thus the exo- 
therm and temperature gradients, the material can 
be step-cured at low and then higher temperatures, 
as is typical in composites manufacturing. An op- 
timum step-cure cycle in which the reaction rate is 
less than a prespecified value can easily be deter- 
mined from the TTT isothermal cure diagram in 
which the reaction rate is depicted by the horizontal 
distance between isoconversion contours at any 
particular cure temperature with the x-axis being 
linear time rather than log time. The closer together 
the isoconversion contours are, the higher the rate 
of reaction. 

For the epoxy/amine system investigated, the 
reaction is autocatalyzed. Consequently, the maxi- 
mum rate of reaction during isothermal cure occurs 
at an intermediate conversion, and the initial re- 
action rate is relatively slow. Similarly, the final rate 
of reaction is slow due to the depletion of reactants. 

Cure Showing Dependence of 
Exterior Vitr i f ication on  Tc 

- 2 0  O I  
1 2 3 4 5 

Log Time (min) 

Figure 11 Calculated TTT isothermal cure diagram for the amine-rich system, showing 
the sequence of vitrification in the interior and exterior of the part vs. cure temperature. 
The solid line designates the time to vitrify a t  the cure temperature (oven temperature) ; 
the dashed line designates the time to vitrify in the hotter interior of the material. 
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Consequently, a reaction path for controlling the 
exotherm can be determined from the TTT iso- 
thermal cure diagram by keeping the isoconversion 
contours at least a prespecified interval apart. Such 
a path is diagrammed in Figure 12 for cure with dx/  
d t  I 0.003 min-l: 7.7 h at  lOO"C, 0.7 h at  12O"C, 
0.6 h at  130"C, 0.8 h at 140"C, and 0.9 h at  200°C. 
The same degree of cure with d x / d t  I 0.003 min-' 
can be obtained in a shorter time if cooling can be 
incorporated into the cure sequence. Initially, the 
reaction rate is slow (since the reaction is autocat- 
alytic ) , and the initial cure temperature can be 
higher than 100°C while still keeping d x / d t  I 0.003. 
For example, the first cure step could be replaced 
by cure at 115°C for 1.2 h and 100°C for 4.5 h, re- 
ducing the total cure time by 20%. Note that the 
rate of heat production by the step-cure method is 
much less than that for a straight isothermal cure 
a t  temperatures above Tgm: The reaction rate of 
0.003 min-' is much lower than the maximum rate 
observed during a straight isothermal cure at 200" C 
of 0.1 min-l. 

The rate of the exothermic reaction can also be 
controlled by curing at cure temperatures where the 
time scale of diffusion is comparable or greater than 
the time scale for the kinetically controlled reaction 
so that the reaction rate will be limited by the rate 
of diffusion. This method of controlling the exo- 
therm requires no knowledge of the reaction kinetics 

and is inherently safe since the reaction is self-re- 
tarding in the diffusion-controlled regime (i.e., there 
is no possibility for a runaway reaction). For the 
present systems, the onset of diffusion control occurs 
approximately at vitrification. Consequently, to 
control the reaction rate, the material can be cured 
such that the cure temperature is always just below 
glass transition temperature of the material by using, 
e.g., a slow continuous heating rate (a t  or below the 
lower limiting rate in the CHT diagram). The cure 
of 250 gallons of initially liquid epoxy encapsulating 
a magnetic coil in the experimental Tokomak Fusion 
Test Reactor (TFTR) at Princeton University was 
accomplished by heating at a slow rate such that Tg 
increased in concert with the cure temperature.' An 
additional advantage of curing in the glass transition 
region below Tg is that the material will retain its 
shape during cure, although its dimensions will 
change (see later). 

Cure and Design of Powder Coating Materials 

For fluidized bed powder coating operations using 
thermosetting materials, a heated part can be dipped 
in a fluidized bed of the cool powder. The powder 
sticks to the part, and then upon subsequent heating, 
flows and cures to form a uniform coating. Ther- 
mosetting powder coatings can also be applied elec- 
trostatically using a spraygun; if the powder is ap- 

Calculated TTT Diagram for Amine-Rich Sys tem 
Showing Step-Cure Path for dxldt < 0.0003 m in-' 
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Figure 12 Calculated TTT isothermal cure diagram for the amine-rich system with a 
linear time axis showing vitrification and isoconversion (every 0.1 from x = 0.0-1.0) contours. 
A step-cure path is diagrammed to control the reaction rate at d x / d t  5 0.003 min-'. 
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plied to a cold charged part, it will stick to the part 
electrostatically and then flow and cure upon sub- 
sequent heating. The powder can also be electro- 
statically applied to a heated charged part; in this 
case, the powder may flow and react upon contacting 
the heated part, and the extra cure step may not be 
necessary. Regardless of the method of deposition, 
flow stops when the material gels as cure progresses. 
A postcure operation is often employed to obtain 
full conversion. 

Powder coating formulations are generally made 
from low molecular weight reactants that have low 
viscosities and good flow characteristics. The Tg of 
the powder, Tgi,  must be above room temperature 
(RT)  but below gelTg. Thus, the material will be in 
the glassy state a t  room temperature (the powder 
will not be tacky). Since the powder coating material 
has not yet gelled ( Tg < ,,T,), it will be able to flow 
upon heating. Note that if it did not flow upon heat- 
ing ( Tg > gelTg),  a poor coating would result. 

In principle, another approach to designing ther- 
moset powder coatings is to prereact a system whose 
Tg is initially below room temperature to produce a 
partially cured material with RT < Tgi < gelTg?2 The 
time/temperature path to reach to produce such a 
material (with Tg = T,i) can be calculated using the 
model of the curing reaction for the unreacted ma- 
terial. For isothermal cures, the time to reach the 
Tgi can also be simply read off the TTT diagram for 
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the unreacted material (which can be calculated 
from the reaction model as in Figures 7 and 8 or can 
alternatively be determined experimentally for dif- 
ferent systems where the reaction model is un- 
known). The utility of this approach to designing 
powder coatings wilI depend on whether the viscosity 
of the prereacted system is low enough to achieve 
flow and a uniform coating during cure. This will 
depend, of course, on the cure temperature and on 
the time to gelation at the cure temperature, which 
are inversely related. The advantage of this approach 
is the potential for using resin systems not originally 
formulated for powder coating operations. 

New TTT isothermal cure diagrams for the pow- 
der coating material can be calculated from the re- 
action model starting from the initial Tg value Tgi, 
and these diagrams can be used to design the cure/ 
postcure histories for obtaining full conversion. 
Figures 13 and 14 show the TTT diagrams calculated 
from the reaction model for amine-rich and epoxy- 
rich powder coating materials with initial fractional 
conversions of 0.50, corresponding to Tgi Y 42°C 
for both systems. (Recall that gelation would theo- 
retically occur in the absence of intramolecular 
reactions31 at fractional conversions of 0.65 and 0.53 
for the epoxy-rich and amine-rich systems, respec- 
tively.) The times to reach specific conversions or 
vitrification are much reduced at  lower isothermal 
curing temperatures compared to the uncured ma- 

Calculated TTT Isothermal Cure Diagram 
for an Amine-rich Powder Coating Material 
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Figure 13 Calculated TTT isothermal cure diagram for an amine-rich powder coating 
material with T8, N 42, showing vitrification and iso-T, (every 20°C from 60 to 160°C) 
contours. 
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Calculated TTT Isothermal Cure Diagram 
for an Epoxy-Rich Powder Coating Material 
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Figure 14 Calculated TTT isothermal cure diagram for an epoxy-rich powder coating 
material with TBi x 42, showing vitrification and iso-T, (every 20°C from 60 to 180°C) 
contours. 

terial, as expected. However, the vitrification curves 
at  relatively high cure temperatures (i.e., in the vi- 
cinity of Tgm ) are not significantly altered since the 
time to vitrify is much greater than the time to reach 
Tgr at  these cure temperatures. 

For a cure/postcure sequence used for thermo- 
setting powder coating materials, the time to reach 
a specific T, a t  the cure temperature T, and the time 
to reach T,, at the postcure temperature Tp can be 
determined from the TTT diagram. The cure time 
to reach a specific Tg at the cure temperature ( tT,)  

can simply be read off the TTT diagram for the 
powder coating material (Figs. 13 and 14) or can 
alternatively be determined from the TTT diagram 
for the initially uncured reactants (Figs. 7 and 8) 
by subtracting the time to reach the initial T, of the 
powder at the cure temperature ( tTB,,T,) from the time 
to reach the desired Tg at the cure temperature 
( ~ T , , T ~ )  : 

This methodology only assumes that T, > Tgi (i.e., 
that the reaction of uncured material would be ki- 
netically controlled prior to Tg = Tgi at T,) . In fact, 
the reaction is generally kinetically controlled 
throughout cure with T, > T, in order to minimize 
the time of cure. Similarly, the time to reach full 
conversion at the postcure temperature is found 

from the TTT diagram by subtracting the time to 
reach the starting T, at the postcure temperature 
(tT,,T,) from the time to reach TgcO at  the postcure 
temperature ( tTgm,Tp) : 

where it is assumed only that the postcure temper- 
ature Tp > Tg. Generally, the postcure temperature 
Tp should be greater than TgcO to assure reaching 
full conversion in reasonable cure times but Tp 
should be lower than temperatures at which thermal 
degradation occurs. A similar methodology can be 
used to determine the time of step-cures. 

Prepreg Design 

Prepregs are fabrics used in composite manufactur- 
ing that are impregnated with liquid or solvent- 
bourne resins in a coating operation. The prepreg 
material is generally partially cured in order to 
achieve the desired tack characteristics at room 
temperature. Several layers of prepreg are stacked 
in a contoured assembly that is then cured to yield 
a fiber-reinforced composite laminate. For layups at 
room temperature, the glass transition temperature 
of the prepreg material, Tgi, should be slightly below 
room temperature so that the material is in the glass 
transition region at room temperature: If the Tg's of 
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the prepreg material were well above room temper- 
ature, the material would be a glass at room tem- 
perature and there would be no appreciable tack and 
shaping ability; whereas if it were well below room 
temperature, the material would be a liquid at room 
temperature and the prepreg would not be suitable 
for dry layups. The T, of the prepreg, Tgi, should 
also be above the typical freezer storage temperature 
to ensure good shelf life with no significant reaction 
occurring during storage. 

The timeltemperature path to reach the desired 
T, of the prepreg, Tgi, can be calculated using the 
model of the curing reaction for the unreacted ma- 
terial. For isothermal cures, the time to reach the 
Tgi can also be simply read off from the TTT diagram 
for the unreacted material. 

A new TTT isothermal cure diagram for the pre- 
preg material can be calculated from the reaction 
model, similar to the TTT diagrams for the powder 
coating materials. However, the time to reach T, at 
any cure temperature above T,i can also be deter- 
mined from the original TTT diagram for the un- 
reacted thermoset by subtracting the time to reach 
TBi from the time to reach T, at the specific cure 
temperature as described above for powder coating 
materials. Note that if solvent is used during the 
prepreg coating operation the solvent should be re- 
moved prior to gelation (see later). 

Composite Processing 

High-performance composite parts are generally 
cured in a mold at  relatively high cure temperatures 
in an autoclave (pressurized oven ) under moderate 
pressures for several hours and then postcured under 
atmospheric pressure to obtain full conversion. 
However, the autoclave process and the autoclave 
itself are expensive, and alternative processing 
techniques are preferable. The rapid thermoset cure 
(RTP) concept has recently been introduced to sig- 
nificantly reduce the autoclave cure time, thus re- 
ducing processing costs without any reduction of 
mechanical proper tie^.^^ In the process, consolida- 
tion of the composite (fiber wetting, compaction, 
and air removal) occurs in the mold during the initial 
stages of cure a t  a temperature where the resin vis- 
cosity is initially low ( T, % T,) . Consolidation gen- 
erally is accomplished with autoclave pressure al- 
though process costs can be substantially reduced if 
the autoclave is eliminated and vacuum pressure is 
used for consolidation. After consolidation, the 
composite material is cooled to below T, (cooling is 
unnecessary if consolidation is accomplished at room 

temperature and T, rises above room temperature 
as the cure/consolidation occurs). The material is 
then removed from the mold and postcured free- 
standing in a conventional oven such that the di- 
mensional stability of the part is maintained by al- 
ways curing in the glass transition region below Tg 
(i.e., T, 2 T,). Since T, will increase during the 
postcure from the value after the cure step (T,i) to 
the fully cured value, T,, , the postcure should be a 
continuous heating ramp or ramp / hold sequence so 
that the postcure temperature is just below T, in 
order to minimize the time of postcure while still 
maintaining the shape. The fastest rate of a contin- 
uous heating ramp at  which T, > T, throughout cure 
for a particular material with an initial Tg of Tgi is 
the rate at which vitrification occurs at Tgi in the 
CHT diagram. Note that the higher T,,, the higher 
the heating rate can be. For-example, for the amine- 
rich system, the maximum heating rates will be 0.01 
and 0.05"C/min for values of TgL of 90 and 130°C, 
respectively. The final curing temperature should 
be just below T,, so that the material will reach full 
conversion but will not devitrify (i.e., soften and 
possibly change shape under gravity or load). 

Reaction Injection/Transfer Molding 

Thermosetting resins are used as reaction injection- 
molding materials, e.g., to package electronic com- 
ponents. It is noted that these materials are generally 
much more reactive than are the systems studied in 
this work. Several criteria exist for designing the 
reaction injection-molding process for thermosetting 
materials. The process, itself, is relatively fast: LOY 
viscosity material is injected into a hot mold, cured 
quickly, and then ejected solidified (T ,  < T,) at  the 
cure temperature to retain dimensional stability and 
also to minimize time in the mold. The high molding 
temperatures used for fast reaction cause the vis- 
cosity of the material to increase rapidly during fill- 
ing. It is critical that the mold be filled while the 
material is still liquid, i.e., prior to gelation. There 
is generally only a small window of cure tempera- 
tures for which gelation occurs after the mold is filled 
and vitrification occurs in a short time. The cure 
temperature should ideally be the temperature a t  
which the time to vitrify is a minimum in order to 
minimize mold time provided that the gel time at 
this temperature is sufficiently long; this tempera- 
ture is easily determined from the TTT diagram. 
Once the material has vitrified, it can be removed 
from the mold at the cure temperature and postcured 
free-standing to achieve full conversion. The post- 
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curing process must be accomplished such that the 
shape retention of the part is maintained by post- 
curing only in the glassy state or glass transition 
region below T,. Since Tg will increase during the 
postcure from the initial value after curing to T,, , 
the postcure should be a ramp/hold sequence so that 
the postcure temperature is just below T, in order 
to minimize the time of postcure while maintaining 
the shape. 

Cure of Solvent-Bourne Systems 

The presence of solvent in solvent-bourne systems 
complicates the processing: If the solvent is not fully 
removed in the early stages of cure, the integrity of 
the final product is compromised by plasticization 
of the low molecular weight solvent and/or by the 
formation of voids from solvent evaporation at  the 
high cure temperatures during the later stages of 
cure. The removal of solvent is limited by its dif- 
fusion out of the material, which is high when the 
material is in the liquid state, decreases through ge- 
lation, and is zero for all practical purposes once the 
material has ~itrified.~' To ensure removal of all sol- 
vent, the material should be step-cured, with the 
first step being at a temperature that allows adequate 
time for solvent removal prior to gelation. The ma- 
terial can then be fully cured at  temperatures in the 
vicinity or above T,, . 

Cure of Rubber-modified Systems 

The morphology of cured rubber-modified systems 
refers to the degree of phase separation and the size 
and distribution of the rubber-rich phase and de- 
pends on the cure history for systems that are ini- 
tially h o m o g e n e ~ u s . ~ ~ - ~ ~  Rubber-rich particles phase 
separate from the thermoset-rich phase prior to ge- 
lation as cure progresses. The morphology depends 
on the thermodynamics ( i.e., the temperature-de- 
pendent equilibrium phase separation) and on two 
kinetic time scales, the time scale for diffusion and 
aggregation of the rubber molecules and the time 
scale for gelation, both of which are controlled pri- 
marily by the cure temperature in the liquid state. 
The time scale for gelation is important, because 
once the material gels, the rate of aggregation de- 
creases ~ u b s t a n t i a l l y . ~ ~ ~ ~ ~  The maximum degree of 
phase separation will generally occur at intermediate 
temperatures. At high cure temperatures, where the 
gel time is low, no phase separation is observed in 
a rubber-modified epoxy/amine system and the re- 
sult is a plasticized optically homogeneous mate- 

Other work on rubber-modified epoxy/amine 
systems comparing catalyzed to uncatalyzed systems 
observed that the degree of phase separation de- 
creased in the catalyzed system due to the relatively 
faster gel times.37 

Controlling Final Properties 

The final properties of a thermosetting material, in- 
cluding density, internal stresses, and modulus, are 
determined to a large extent by the processing. The 
maximum density for a specific fully cured material, 
which will also yield the minimum internal stress 
and maximum modulus, will be obtained by curing 
in the glass transition region below Tg throughout 
cure using a very slow temperature ramp from Tgo 
to I T,,? The maximum in modulus will be ob- 
tained by such a cure because the volume of the 
material below T, is less than in the liquid state 
above T, and because the rate of physical aging 
( spontaneous densification toward equilibrium) is a 
maximum just below T,. The ramp rate below which 
the material always cures in the glassy state or glass 
transition region below Tg is inferred in the contin- 
uous-heating-transformation ( CHT) cure diagram. 
However, such a temperature ramp is not feasible 
for processing the present system as it is too slow 
(I 0.00004"C/min for the systems investigated), 
although it may be feasible for other systems. 

The material properties can be manipulated fur- 
ther, however, by noting that the isothermal density 
after cure decreases with increasing conversion, as 
was observed in work on a high-T, epoxy/amine 
system.24 To this end, conversion-temperature- 
property diagrams are being developed in this lab- 
oratory that demonstrate the effect of conversion 
on the material properties of cured thermosetting 
 system^.^^,^^ 

The aforementioned cure of 250 gallons of an ini- 
tially liquid epoxy system to encapsulate and in- 
crease inertial give solid mass of an electromagnetic 
helical copper coil for the experimental Tokamak 
Fusion Test Reactor (TFTR) at  the Princeton Uni- 
versity Plasma Physics Laboratory (PPPL) is an 
example of the type of large scale engineering pro- 
ject which can be undertaken using thermosetting 
systems.' Although the encapsulated coils were 
c o n s t r ~ c t e d ~ ~ , ~ ~  without using the formal method- 
ology of the present account, it is instructive to pro- 
pose how to cure such a system in terms of the above 
account. A resin formulation would be selected to 
be fluid, nonvolatile, and relatively unreactive (to 
provide a long working life) at 25°C (e.g., Tgo 
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= -lO"C), to gel a t  25°C (e.g., ge.Tg = 20°C) so as 
to minimize changes in shape on subsequent heating 
above 25"C, to be in the glassy state at the highest 
operating temperature (say lOO"C), with Tgm higher 
(at say 150°C) but not too high to preclude full cure 
without thermal degradation, and to fully react in a 
short time just above T,,. Tgo is controlled by mo- 
lecular weight, symmetry, and molecular flexibility 
of the constituents of the initial formulation. gelTg 
and Tgao can be adjusted by changing the function- 
ality of reactants. Three successive stages of cure 
would be involved 1) the liquid around the fiber- 
glass-wrapped coil would be permitted to react at 
room temperature (25°C) in a mold for several days 
to form a glass, with T, just above 25°C; 2) after 
loosening the mold the temperature would be raised 
very slowly over several more days to above Tgm such 
that the rate of cure and the potential exotherm 
would be controlled during the further cure by the 
changing Tg being above the changing temperature 
of cure, which would also permit retention of the 
shape of the free-standing mass during heating; 3) 
the fully cured mass would be cooled very slowly to 
25°C (so that the outside and inside would vitrify 
together and the effects of physical aging would be 
maximized) to form a glass at 25°C which would 
presumably have a lower density than that of the 
partially cured glass a t  25°C (i.e., at the end of the 
first stage). The reason for loosening the mold after 
the initial stage of cure at 25°C would be to prevent 
the immense stresses which would otherwise have 
arisen in a contained system (within the mold) as a 
consequence of the net expansion at  25°C which 
arises from the increase in conversion, and from the 
thermal expansion and contraction which occur on 
heating and subsequent cooling. The procedure for 
making the first coil for the TFTR followed the pro- 
posed scheme in that an isothermal prereaction was 
followed by a temperature ramp reaction during 
which the mold was loosened. Subsequent coils were 
made using an elastomer between the coil and the 
hard mold, which in principle serves the same pur- 
pose as loosening the mold. More generally with re- 
spect to molding, the net expansion on converting 
a thermosetting material which has been partially 
cured to vitrify in  a rigid mold to a fully cured ma- 
terial in the same mold could render it difficult, if 
not impossible, to remove the fully cured material 
from the mold. 

CONCLUSIONS 

A reaction model for the cure of a high-T, epoxy/ 
amine system, which includes etherification and dif- 

fusion-control, describes the experimental Tg vs. 
time DSC data for excess amine and excess epoxy 
systems using the one-to-one relationship between 
Tg and conversion. Two cure diagrams, the time- 
temperature-transformation ( TTT ) isothermal cure 
diagram and the continuous-heating-transformation 
(CHT) cure diagram, are calculated from the re- 
action model. The use of these cure diagrams for 
designing time/ temperature cure programs for op- 
timizing various processes or final material prop- 
erties by exploiting gelation and/or vitrification is 
discussed. 
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