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SYNOPSIS 

The overall reaction kinetics of a high- Tg tetrafunctional aromatic diamine /difunctional 
epoxy system (maximum glass transition temperature, Tgco = 182"C), which can satisfac- 
torily describe the rate of the reaction in both kinetically and diffusion-controlled regimes, 
had been determined earlier from isothermal conversion/ Tg data by differential scanning 
calorimetry (DSC ) . The mathematical expression of the kinetics, together with the unique 
one-to-one relationship between Tg and chemical conversion, is used to calculate the ma- 
terial's Tg vs. time under heating at  constant rates. For a heating scan from below Tgo (the 
glass transition temperature of the unreacted material), initial devitrification corresponds 
to the reaction temperature ( T,,,) first passing through the Tg of the reacting material; 
vitrification corresponds to Tg becoming equal to the increasing T,,, after initial devitri- 
fication; and finally, upper devitrification corresponds to Tg eventually falling below the 
rising T,,,,. The results of the calculation correlate well with the available experimental 
data of the dynamic mechanical behavior of the material during temperature scans a t  
constant rates that were obtained by the torsional braid analysis (TBA) technique. Tg is 
calculated to remain slightly higher than T,,, after vitrification due to the influence of 
diffusion control, the difference being greater for lower heating rates. The limiting heating 
rate with no initial devitrification and that with no vitrification are also calculated. 

INTRODUCTION 

During cure of a liquid thermosetting system at an 
isothermal temperature ( T,,,,) , the glass transition 
temperature (T,) of the material increases with 
chemical conversion, a process that can transform 
the material from liquid to glass. The reaction is 
predominantly kinetically controlled in the fluid re- 
gion (i.e., T, < TCure) ; diffusion control becomes a 
significant factor after the material vitrifies (i.e., T, 
> T,,,) due to the relatively low submolecular mo- 
bilities of functional groups in the glass transition 
region.'-6 A recent study7xS from our laboratory on 
a stoichiometric mixture of a tetrafunctional aro- 
matic diamine/diepoxy system successfully resulted 
in a rate expression for the reaction kinetics, which 
is applicable throughout the entire range of cure in 
both the chemical and diffusion-controlled regimes. 
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The study also demonstrated that there is a unique 
one-to-one relationship between Tg and conversion 
independent of different time-temperature cure 
paths. The assumed reaction kinetics for this amine/ 
epoxy system has been further tested with both ex- 
cess epoxy and excess amine off-stoichiometric ratio 
systems? 

The derived reaction kinetics, together with 
the relationship between T, and conversion, was 
used7-' to calculate the entire vitrification curve and 
a series of iso-T, contours (in the regions both before 
and after vitrification) in the isothermal time-tem- 
perature-transformation ( TTT ) cure diagram for 
the system. The diagram, schematically shown in 
Figure 1,"-12 plots the cure temperatures vs. the 
times to reach different events that the material en- 
counters during isothermal cure: molecular gelation 
(corresponding to the incipient formation of infinite 
molecules), vitrification (corresponding to T, in- 
creasing to T,,,, due to chemical reaction), iso-T, 
(corresponding to T, rising to a specified value), 
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l lT CURE DIAGRAM 

Figure 1 A generalized isothermal time-temperature- 
transformation (TTT) cure diagram for a thermosetting 
system, showing three critical temperatures (i.e., T,, T , , ,  
and gelTg),  states of the material, and contours character- 
izing the setting and degradation processes. The full cure 
contour corresponds to Tg = Tgm . Molecular gelation cor- 
responds to Tg = gelTg. Other iso-T, contours are included 
(dashed curves). 

devitrification (corresponding to Tg decreasing to 
T,,, due to chemical degradation), and char for- 
mation (corresponding to Tg increasing to T,,,, at 
high temperatures due to thermal degradation). 

Under nonisothermal cure conditions, the ma- 
terial can also encounter various events similar to 
the isothermal case. Analogous to the isothermal 
TTT cure diagram is the continuous heating trans- 
formation (CHT) cure diagram that displays the 
times and temperatures required to reach these 
events during the course of continuous heating at 
different constant heating rates."-14 

This paper examines the behavior of the aromatic 
diamine/diepoxy system, used in the earlier study, 
under continuous heating conditions. The progress 
of the material's Tg during the temperature scans 
was calculated from the reaction kinetics and the 
empirical relationship between Tg and conversion. 
The knowledge of the behavior of the material's Tg 
at different heating rates permits calculation of a 
theoretical initial devitrification /vitrification/upper 
vitrification contour in the CHT diagram for the 
material, which can then be compared with data de- 
termined from torsional braid analysis (TBA) ex- 
periments. This study provides an additional means 
for checking the validity of the assumed kinetics 

when the material is subjected to nonisothermal 
constant heating conditions. A preliminary report 
has been p~b1ished.l~ 

CHEMICAL REACTANTS 

The material chosen for this study is a liquid di- 
functional epoxy (diglycidyl ether of bisphenol A, 
DER 332, Dow Chemical Co., epoxy equivalent 
weight = 174 g/eq) cured with a stoichiometric 
amount of a crystalline (melting range = 125- 
128°C ) tetrafunctional aromatic diamine ( tri- 
methylene glycol di-p -aminobenzoate, TMAB, Po- 
laroid Corp., amine equivalent weight = 157 g/eq). 
The chemical structures of both reactants are shown 
in Figure 2. A mixture of the two reactants was ac- 
complished by dissolving the crystalline amine in 
the liquid epoxy at 100°C with vigorous stirring for 
15 min to ensure homogeneous mixing. The warm 
clear viscous mixture was subsequently degassed for 
20 min in a vacuum oven held at room temperature 
and poured into numerous small aluminum weighing 
pans, which were then individually placed in plastic 
bags, placed inside a dessicator, and stored in a 
freezer. 

For purposes of consistency, the same master 
batch of the mixture that has been used for the pre- 
vious study of the isothermal cure kinetics using dif- 
ferential scanning calorimetry (DSC ) 7,8 was used 
for the present study of the material's behavior un- 
der constant heating rates using TBA. 

EX PE R I  M E N TA L 

A torsional braid analyzer 'OJ' equipped with a tem- 
perature programmer /controller was used to mon- 
itor the dynamic mechanical behavior of the material 
( -  1 Hz) during cure under continuous heating at  
various heating rates. Before an experiment, an alu- 
minum pan containing the reactive mixture inside 
its plastic bag was removed from the freezer and left 
at  room temperature for at least 20 min before being 
taken out of the plastic bag. The viscous reactive 
liquid was then coated on a glass braid (ca. 50 mm 
in length) to form a specimen in the TBA experi- 
ment. Excess material on the braid was removed by 
squeezing the impregnated glass braid between alu- 
minum foil. The final amount of the material on 
each braid was approximately 10-15 mg. The spec- 
imen, mounted between two vertical rods (parts of 
the inner TBA pendulum assembly), was inserted 
into the TBA temperature chamber at  30°C under 
a continuously flowing He atmosphere and then 
quenched at  a programmed rate of 10"C/min to 
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CHEMICAL REACTANTS 

Diglycidyl Ether of Bis-phenol A (DER332, Dow Chemical Co.) 

Trimethylene glycol di-p-aminobenzoate (TMAB, Polaroid Corp.) 

REACTIONS 

CHz-CH- 
I 
OH 

Figure 2 Chemical reactants and chemical reactions. 

-50°C. After the temperature was in control at 
-5O"C, the specimen was heated from -50°C to 
250°C at a preprogrammed heating rate. Two dy- 
namic mechanical material properties, namely, rel- 
ative rigidity and logarithmic decrement, were mon- 
itored and recorded during the temperature ramp 
from -50 to 250°C. After the temperature had 
reached 250"C, the specimen was subjected to the 
final temperature scans, 250 + -180 --f 250°C, 
while its dynamic mechanical properties were also 
monitored (data not shown in this report). Exper- 
iments were performed at heating rates ranging from 
0.03 to l"C/min. 

The automated TBA torsion pendulum system 
was manufactured by Plastics Analysis Instruments, 
Inc., Princeton, NJ. 

RESULTS AND DISCUSSION 

Behavior during Temperature Scans 

Figure 3 shows the TBA relative rigidity of the ma- 
terial during a series of temperature scans from -50 

to 250°C at  constant heating rates (0.03,0.06,0.09, 
0.12, 0.16, 0.19, 0.31, and'0.46"C/min). The cor- 
responding logarithmic decrement data are shown 
in Figure 4. Various events that the specimen en- 
counters during the course of a temperature scan 
can be assigned from the successive maxima in the 
peaks of the logarithmic decrement spectrum. For 
a temperature scan starting below the glass transi- 
tion temperature of the initially unreacted material 
( T,) , these can include initial devitri- 
fication (corresponding to the first softening of the 
initial glassy reactive mixture ) , several undesignated 
events, macroscopic gelation (probably an isoviscous 
event), 10~16 vitrification (corresponding to Tg rising 
to the cure temperature), upper devitrification at  
high temperatures (corresponding to Tg decreasing 
to the increasing cure temperature ) , and thermal 
degradation at  high temperatures. Some of the log- 
arithmic decrement spectra in Figure 4 show (in the 
order of increasing temperature) initial devitrifi- 
cation, two or three undesignated events, macro- 
scopic gelation, vitrification, and upper devitrifica- 
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HEATING RATE 
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Figure 3 TBA relative rigidity ( 1/P2)  of DER 3321 
TMAB during continuous heating from -50 to 250°C at 
different heating rates. 

tion (see, e.g., the marked spectrum at O.OS°C/min). 
These results at different heating rates can be sum- 
marized in the form of an experimental CHT dia- 
gram, in which the temperature vs. log(time) to 
reach an event a t  a given heating rate is displayed, 
as shown in Figure 5. In the following section, cal- 
culations are performed to determine quantitatively 
the times and temperatures to reach initial devitri- 
fication, vitrification, and upper devitrifcation at dif- 
ferent heating rates, employing the kinetic model 
derived in the earlier study7s8 for this amine/epoxy 
system and the empirical Tg vs. conversion relation- 
ship; the results are then compared with the exper- 
imental data in Figure 5. 

Kinetic Model for the Amine/Epoxy Reaction 

Differential scanning calorimetry (DSC ) has been 
used to study the chemical kinetics of this amine/ 
epoxy system under isothermal cure conditions. The 
results of the study are available e l~ewhere.~,~ The 
main conclusions relavant to the present study are 
summarized in this section. 

The chemical kinetics of the reaction between the 
epoxy and amine is satisfactorily described by a sec- 

HEATING RATE 

......... I .... ;; 046 
L .............. 

TEMPERATURE (“C) 

Figure 4 TBA logarithmic decrement of DER 3321 
TMAB during continuous heating from -50 to 250°C at 
different heating rates. Different events are identified from 
the maxima of the peaks of each spectrum. The events 
relevant to this work are initial devitrification, vitrifica- 
tion, and upper devitrification, which are identified as the 
first, fifth, and sixth peaks in order of increasing temper- 
ature, respectively, for the marked spectrum at O.O9OC/ 
min. 
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EXPERIMENTAL CHT DIAGRAM FOR DER332RMAB 
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Figure 5 Events encountered during continuous heating at constant rates summarized 
in the form of an  experimental CHT diagram: (0) initial devitrification, ( W and x) two 
undesignated events, ( A )  macroscopic gelation, (0) vitrification, and ( 0 )  devitrification. 

ond-order reaction mechanism autocatalyzed by 
hydroxyl groups l7 with equal reactivity for all amino 
hydrogens. The reaction is shown to be predomi- 
nantly kinetically controlled up to isothermal vit- 
rification. After vitrification, the influence of dif- 
fusion control becomes apparent and eventually 
dominates the reaction. The time scale for the rate 
of reaction is a sum of the time for diffusion of func- 
tional groups and the time for chemical reaction. 
When a reaction is diffusion controlled, the diffusion 
of chemical reactants becomes the limiting step. The 
effect of diffusion control can be incorporated into 
the reaction kinetics by modifying the overall re- 
action rate constant. During the course of cure, the 
overall rate constant is assumed to be a combination 
in parallel of the chemical rate constant and the 
diffusion rate constant." The latter is governed by 
the relaxation of submolecular chain segments of 
the polymer. The temperature dependence of the 
kinetically controlled rate constant is given by the 
usual Arrhenius-type expression, whereas that of the 
diffusion-controlled rate constant is assumed to be 
given by a modified form of the WLF equation, in 
which the temperature dependence is governed by 

TCuE - Tg.19,20 Calculations using these modified rate 
constants have been shown to provide good corre- 
lation with experimental isothermal Tg and conver- 
sion versus time data in both chemical and diffusion 
controlled  regime^.^" 

The mathematical expression of the aforemen- 
tioned kinetic model for the present amine / epoxy 
system can be summarized as f01lows~'~: 

dx - _  - k , ( l  - x ) ~ ( x  + 0.05548) 
dt 

where x is the fractional conversion and k, is the 
overall rate constant; 

1 1 1  
- + -  - _ -  

k kT kd 

where kT is the rate constant for kinetic control and 
kd is the rate constant for diffusion control: 

( 3 )  
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where E = 15.2 Kcal/mol, and A,, = 7.68 X lo6 
min -I ,  and 

42.61 ( T  - T,) 
51.6+ IT-  Tgl kd  = 30.64 eXp 

The value of kT is a constant at  an isothermal tem- 
perature, whereas that of k d  varies with both cure 
temperature and conversion ( T,) . Equations ( 1 ) - 
( 4 )  describe the conversion of the material as a 
function of time, temperature, and T,. The same 
study7" also showed that Tg relates to conversion in 
a unique one-to-one fashion independent of cure 
path. Therefore, using the relationship between Tg 
and conversion for this chemical system, eqs. ( 1 ) - 
( 4 )  can completely describe the progress of the 
chemical reaction in terms of T,, g: iven the initial 
conversion of the material, for all isothermal and 
nonisothermal cure paths. 

Tg vs. Conversion 

The TBA technique was used to determine the T, 
of the present amine /epoxy material with different 
extents of chemical conversion. The material, im- 

pregnated on TBA braids, was cured inside the TBA 
instrument at  different isothermal temperatures for 
different times, then cooled at 1"C/min to -180°C. 
The Tg of each specimen was determined during the 
subsequent temperature scan from -180 to 250°C 
at l"C/min as the maximum in the logarithmic 
decrement peak of the glass transition. The frac- 
tional conversion of each specimen was determined 
from the DSC kinetic c a l c ~ l a t i o n ~ ' ~  for the material 
with exactly the same cure history (in both the iso- 
thermal and temperature scanning conditions). The 
plot of the experimental TBA Tg vs. the correspond- 
ing fractional conversion is shown in Figure 6. Dif- 
ferent symbols represent different cure tempera- 
tures. It can be clearly seen that there is a unique 
one-to-one relationship between Tg and conversion 
independent of the time-temperature path of cure. 
The solid line represents the best-fit calculation of 
the data to the DiBenedetto equation 3,21,22: 

where Tg and Tgo are in degrees Kelvin. Tgo for this 
system determined by TBA is -3°C (270 K ) .  The 

Tg (TBA DATA) VS. FRACTIONAL CONVERSION (CALCULATED FROM DSC DATA) 
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Figure 6 The unique one-to-one relationship between TBA Tc and fractional conversion 
for DER 332/TMAl3. Different symbols represent material cured at  different temperatures. 
The solid curve represents the best-fit calculation from the DiBenedetto equation (eq. 5 ) .  
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best-fit values for the two ratios, E , / E ,  (the ratio 
of lattice energies for crosslinked and uncrosslinked 
polymers) and F,/F,,, (the corresponding ratio of 
segmental mobilities), are determined to be 0.52 and 
0.31, respectively. Equation ( 5 )  provides a reason- 
able semiempirical relationship in an analytical form 
that can be applied to relate TBA Tg values to con- 
version in the following calculation of the CHT dia- 
gram. 

CHT Diagram Calculation: Initial Devitrification, 
Vitrification, and Upper Devitrification 

In a CHT experiment, a TBA specimen is heated 
from -50 to 250°C at a constant heating rate, r ("C/ 
min) . The procedure for calculating the times to 
the different transitions ( i.e., initial devitrification, 
vitrification, and upper devitrification ) is as follows: 
For a constant heating rate, r ,  the progress of chem- 
ical reaction as a function of cure time, t ,  can be 
calculated from eqs. ( 1 ) - ( 4  ) by substituting T = Ti 
+ r t ,  where Ti = -5OOC is the starting temperature 

of the experiment. The fractional conversion, x ,  vs. 
time can then be converted into Tg vs. time by em- 
ploying the DiBenedetto relationship, eq. (5) .  
Therefore, given a heating rate, r ,  eqs. ( 1 ) - ( 5  ) can 
completely describe how the Tg of the material in- 
creases as a function of time. 

Figure 7 shows the calculated Tg vs. log( time) at 
different heating rates (solid curves) together with 
the corresponding cure temperature vs. log( time) 
( short-dashed curves) . The initial devitrification, 
vitrification, and upper devitrification events are 
identified for each heating rate as the first, second, 
and third intersections (in time and temperature) 
of the Tg and cure temperature curves. The S-shaped 
contour (long-dashed curve) in Figure 7 represents 
the theoretical locus of all initial devitrification (the 
lower section of the S ) ,  vitrification (the middle 
section of the S)  , and upper devitrification (the up- 
per section of the s) events at different heating rates. 

Since heating starts at a temperature below Tgo, 
the initial uncured specimen is almost in the glassy 
state. Initial devitrification (the first softening 

CHT DIAGRAM FOR DER332mMAB: 
TEMPERATURE AND Tg VS. LOG TIME AT DIFFERENT HEATING RATES 
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Figure 7 Calculations of the increase of Tg vs. log( time) under continuous heating at 
different rates (solid curves ) . Initial devitrification, vitrification, and upper devitrification 
events are quantitatively determined from the intersections between these Tg curves and 
the heating curves ( short-dashed curves ) . The S-shaped long-dashed contour represents 
the initial devitrification-vitrification-upper devitrification CHT envelope. 
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point) is encountered when the cure temperature 
first passes through the glass transition temperature 
of the reacting material. It can be seen from Figure 
7 that, for a high heating rate, the initial devitrifi- 
cation generally occurs at Tgo because the short time 
interval during heating to Tgo is not sufficient to 
allow substantial reaction to raise the Tg of the ma- 
terial above Tgo. For a very low heating rate, how- 
ever, this event can occur at temperatures higher 
than Tgo, since by the time the temperature rises to 
Tgo, a substantial extent of reaction has advanced 
the Tg of the material above Tgo; consequently, the 
material does not devitrify at Tgo. 

At a low limiting heating rate of 8.2 X 10-50C/ 
min (0.8"C/week), initial devitrification and vit- 
rification for this particular system occur simulta- 
neously. For heating rates lower than this limiting 
heating rate, no initial devitrification is encountered. 
In these cases, the reaction proceeds in the glass 
transition region without liquifying, i.e., polymer- 
ization occurs under conditions of maximum density, 
and devitrification only occurs near or a t  Tgm. A 
practical implication of such a cure path (to a tem- 
perative short of Tgm) is that the material will de- 
velop less internal stresses since no change of state 

is encountered during cure. Analogous to this low 
limiting heating rate is a high limiting rate of 
0.13OC/min at which the vitrification and the upper 
devitrification events occur simultaneously. Above 
initial devitrification, for heating rates greater than 
0.13"C/min, the Tg of the material never reaches 
the cure temperature. Thus, for these cases, the re- 
action proceeds to completion entirely in the liquid 
and rubbery states without encountering vitrifica- 
tion and devitrification. Such a cure condition is of- 
ten necessary for rapid molding operations. 

For heating rates in the range between these two 
limiting rates (8.2 X 1OP5"C/min < r < 0.13"C/ 
min) , after the occurrence of initial devitrification, 
the material is in the liquid or rubbery states ( Tg 
< T,,,,) and reaction in the early stages can proceed 
in such a way that the T,: of the material can rise 
faster than the cure temperature. The point at which 
Tg rises to the increasing T,,,, is identified as vit- 
rification ( Tg = T,,,,) . Beyond vitrification, the ma- 
terial is in the glass transition region (T,,,, < Tg 
< T,,, + 50), in which the reaction rate is drastically 
reduced due to diffusion control of the available 
chemical reactive sites; Tg remains slightly above 
T,,, with greater differences at a lower heating rates. 

CHT DIAGRAM FOR DER332/TMAB: CALCULATION AND EXPERIMENTAL RESULTS 
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Figure 8 Comparison of the calculated initial devitrification-vitrification-upper devitri- 
fication CHT envelope from Figure 7 (solid curve) with the available experimental data 
from Figure 5 (symbols). 
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The magnitude of Tg - T,,, increases after vitrifi- 
cation before gradually decreasing as the reaction 
proceeds toward high temperatures, due to depletion 
of chemical reactants. Eventually, upper devitrifi- 
cation occurs when the Tg of the material falls below 
the increasing cure temperature, after which the re- 
action proceeds to completion in the rubbery state 
( Tg < T,,,,) , if the reaction had not been completed 
before devitrification. 

Figure 8 compares the calculated S-shaped (initial 
devitrification-vitrification-upper devitrification) 
envelope of the CHT diagram with the available 
TBA experimental data for heating rates 2 0.03"C/ 
min. It is apparent that there is a good correlation 
between the calculation results and the experimetnal 
data. The agreement provides support for the valid- 
ity of the assumed kinetic model. 

In a previous work from this laboratory,I3 a simple 
methodology was presented for calculating the initial 
devitrification-vitrification-upper devitrification 
envelope in the CHT diagram when information on 
the diffusion-controlled kinetics is not readily avail- 

able. The method assumes in a continuous heating 
case that the reaction is only kinetically controlled 
up to vitrification, and that beyond vitrification, the 
Tg of the material increases at the same rate as does 
the heating temperature as long as the additional 
conversion with each small temperature increment 
is sufficient to increase Tg to T,,,,. Upper devitrifi- 
cation occurs only when the reaction rate is not suf- 
ficient to keep Tg = T,,,, because of high conversion 
at high temperatures or because of the relatively high 
rate of temperature increase. Calculations are also 
performed for the current system according to the 
above assumptions, i.e., that the reaction is only ki- 
netically controlled prior to vitrification [ eqs. ( 1 ) - 
( 3 )  where k, = k T ]  and the reaction proceeds along 
the Tg = T,,,, path after vitrification. The resulting 
CHT diagram is shown in Figure 9 as a heavily 
dashed S-shape contour superimposed over the pre- 
viously calculated diagram (using the more complete 
kinetics with diffusion control) from Figure 7 
(shown as a solid S-shaped contour), together with 
the available experimental data (symbols). 

It can be seen from Figure 9 that the approximate 

CHT DIAGRAM FOR DER33WTMAB: CALCULATION AND EXPERIMENTAL RESULTS 
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Figure 9 Comparison of the calculated CHT diagram using complete kinetics (solid S -  
shaped contour) with the less rigorous calculation assuming that Tg follows T,,, after 
vitrification (dashed S-shaped contour). TBA experimental data are also included as sym- 
bols (see the legend for each symbol in Fig. 5 ) .  
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calculation provides reasonable agreement with the 
experimental data. This is because the assumptions 
closely approximate the real behavior of the mate- 
rial: ( a )  The effect of diffusion control has been 
shown to be significant only after vitrification (when 
Tg 2 T,,,) .I*’ Consequently, the assumption that 
the reaction is only kinetically controlled prior to 
vitrification is, in fact, properly applicable. (b )  After 
vitrification, in the actual continuous heating situ- 
ation, the value of Tg remains a few degrees above 
T,,,,. However, diffusion control decreases the rate 
of increase of Tg to approximately the same as that 
of the heating rate (see Fig. 7). Therefore, the second 
assumption that Tg follows T,,, after vitrification 
can be considered to be a reasonable approximation 
to the material’s actual behavior. The approximate 
calculation yields values of the upper devitrification 
points a few degrees lower than the actual case since 
the actual Tg is higher than the assumed Tg in the 
calculation. This is apparent at  high heating rates 
(see Fig. 9) ;  for low heating rates, both calculations 
yield values for the upper devitrification very close 
to Tgm , results which, therefore, are indistinguish- 
able. 

CONCLUSIONS 

1. The kinetics of the reaction of an aromatic 
amine/epoxy system and the unique one-to- 
one relationship between Tg and conversion 
are used as a basis for modeling the increase 
of Tg under continuous heating at different 
heating rates. Initial devitrification, vitrifi- 
cation, and upper devitrification events at  a 
constant heating rate are quantitatively de- 
termined from the intersections between Tg 
and T,,, vs. time curves. The results of the 
calculation correlate well with the dynamic 
mechanical behavior of the material deter- 
mined by the TBA technique during temper- 
ature scans at  constant rates. 

2. The calculation shows that initial devitrifi- 
cation is generally encountered at  the glass 
transition temperature of the unreacted ma- 
terial (T,) except at  very low heating rates, 
for which the initial devitrification occurs at  

3. Prior to vitrification ( Tg < T,,,,) , the reaction 
is kinetically controlled. After vitrification, 
Tg rises a few degrees above the cure tem- 
perature before the effect of diffusion control 
becomes significant and limits the rate of in- 

T > T,. 

crease of Tg. consequently, the magnitude of 
Tg - T,, increases initially after vitrification 
and then decreases gradually as the reaction 
proceeds at higher conversions at  higher 
temperatures. Eventually, upper devitrifica- 
tion occurs when Tg falls below T,,,,. 

4. A limiting calculation of the CHT diagram 
which assumes that the reaction is only ki- 
netically controlled before vitrification and 
that Tg follows T,,,, after vitrification, pro- 
vides a reasonable approximation to the ac- 
tual material’s behavior on heating. 

5. The agreement between the theoretical cal- 
culation of the CHT envelope and the exper- 
imental data supports the validity of the as- 
sumed reaction kinetics and of the empirical 
one-to-one relationship between Tg and con- 
version. 

This research was supported in part by the Office of Naval 
Research. 
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