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ABSTRACT: The different steps involved in the curing reaction of a purified ether of
bisphenol A (BADGE n Å 0) and 1,2-diamine cyclohexane (DCH) were studied with
the objective to calculate a time–temperature–transformation (TTT) isothermal cure
diagram for this system. A kinetic model proposed by Horie et al.6 was used and
compared to the experimental data. Gelation times and conversions were measured
using two different methods: solubility test and dynamic mechanical analysis (DMA).
Results obtained by both methods show a reasonable agreement.

Differential scanning calorimetry (DSC) data show a one-to-one relationship be-
tween Tg and fractional conversion, a, independent of cure temperature. As a conse-
quence, Tg can be used as a measure of conversion.

Using the model parameters and the relationship between Tg and conversion, Tg

versus ln time are calculated and found to agree with DSC experimental results for
isothermal cure temperatures from 60 to 1007C.

A kinetically controlled master curve for isothermal cure is obtained by shifting Tg

versus ln time data to a reference temperature, Tr Å 807C. The apparent activation
energy was calculated from gel times measurements (12.63 kcal mol01Å 52.88 kJ mol01

from solubility test and 12.28 kcal mol01 Å 51.42 kJ mol01 from DMA measurements).
Isoconversion contours were calculated by numerical integration of the kinetic

model. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1377–1388, 1997

INTRODUCTION characteristic of thermosets.1 Prior to gelation,
the sample is soluble in appropriate solvents; but
after the gel point, the network will not dissolveThe curing of a thermoset and, particularly, the
but swells as it imbibes solvent. At the gel point,cure of epoxy resins, involves the formation of a
small and branched molecules are present, whichrigid three-dimensional network by reaction with
are soluble; hence, the curing sample contains solhardeners that have more than two reactive func-
as well as gel fraction.tional groups. The chemistry of cure begins by

One other phenomenon that can appear duringformation and linear growth of the chain that soon
a curing reaction is vitrification; that is, the trans-begins to branch and then to crosslink. As the cure
formation of a viscous liquid or elastic gel to aproceeds, the molecular weight increases rapidly.
vitrous solid. The vitrification point marks aThe molecular size increases, and several chains
change in the reaction mechanism passing frombecome linked together into networks of infinite
chemically kinetically controlled to become diffu-molecular weight. This transformation from a vis-
sion-controlled. The reaction will eventually be-cous liquid to an elastic gel is sudden and irrevers-
come very slow and finally stops.2ible and marks the first appearance of the infinite

Once an epoxy resin has vitrified, chemical re-network. It is called the gel point. Gelation is
actions continue to occur, but at a much slower
rate, which further raises its density and someCorrespondence to: L. Núñez.
other physical properties.1 Samples that have vit-Journal of Applied Polymer Science, Vol. 66, 1377–1388 (1997)

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071377-12 rified during isothermal cure (Tg ú Tc ) show an
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1378 NÚÑEZ ET AL.

Figure 1 Generalized TTT isothermal cure diagram in which the time to reach vari-
ous events during isothermal cure at different cure temperatures, Tc , is displayed.

endothermic physical aging peak in the vicinity In an ideal system, gelation and vitrification
can occur simultaneously. The temperature atof Tg .3 This aging peak is in some ways a thermal

degradation of material and should be avoided. which this phenomenon happens is gelTg . After vit-
rification, the reaction rate becomes to be con-Because of this, samples scanned at an appro-

priate heating rate to just beyond the physical trolled by diffusion of the reacting species. In this
regime, the rate of reaction is affected by bothaging peak are quenched to a low temperature

(0307C) and then rescanned to the final experi- chemical and physical aging. Tg` is the cure tem-
perature at which the degree of conversionmental temperature.

The isothermal time–temperature–transfor- reaches its maximum value (theoretically, aÅ 1).
From the experimental point of view, it is impossi-mation (TTT) cure diagram, which was developed

to study epoxy systems, is a very useful tool for ble to reach this a value. For this reason, a curve
of maximum curing, corresponding to the maxi-studying cure processes of epoxy systems.4,5 Fig-

ure 1 shows a generalized TTT isothermal cure mum isoconversion curve, is included. Between
Tgo and gelTg , the liquid resin will react until itsdiagram. This diagram is calculated plotting the

experimental times to reach various events dur- glass transition temperature becomes coinciden-
tal with the cure temperature, at which point vit-ing isothermal cure versus cure temperature.

The TTT isothermal cure diagram records the rification will start. Between gelTg and Tg` , gela-
tion precedes vitrification. If the cure temperaturephenomenological changes that occur during the

cure reaction of the epoxy, such as vitrification is above the Tg of the fully cured material, Tg` ,
the material cannot vitrify at Tc .and macroscopic gelation. As it can be seen in the

figure, the diagram has been expanded to include Isoconversion (iso-Tg ) curves included in the
TTT diagram are calculated by numerical integra-other different contours, such as carbonization

(char), or thermal degradation curve and isocon- tion of the kinetic model proposed by Horie et al.6

This model does not allow for diffusion phenom-version or iso-Tg curves, in which full cure or max-
imum experimental isoconversion is included. ena. Because of that, theoretical and experimen-

tal results may deviate after vitrification. How-On the diagram, the times to gelation and the
times to vitrification are plotted as a function of ever, the agreement between experimental and

theoretical values is better with increasing tem-the isothermal temperature of curing. Three tem-
peratures play an important role in this diagram. peratures, and it is reasonably good when cure

temperatures are close to Tg` .Tgo is the temperature below which no significant
reaction of the mixture epoxy–hardener occurs. The reactions considered in the kinetic model

are the epoxy–amine reactions, catalyzed by theIt may be considered as the storage temperature
for uncured resin mixture. (The reaction, if any, hydroxyl generated by the reaction (HX)A or by

initial hydroxyl or impurities (HX)O.is so slow that may be considered negligible).
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KINETIC STUDY AND TTT CURE 1379

oxy resin is a liquid diglycidyl ether of bisphenol
A1 / E / (HX)A r

k1

A2 / (HX)A (1) A (BADGE n Å 0) (Resin 332, Sigma Chemical
Co) with an equivalent epoxy molecular weight,

A1 / E / (HX)O r
k =1

A2 / (HX)O (2) after purification, of 175.6 g eq, as determined by
wet analysis.9,10 The curing agent was 1,2-di-
aminecyclohexane (DCH) (Fluka), with an amineA2 / E / (HX)A r

k2

A3 / (HX)A (3)
hydrogen equivalent weight of 28.5.8 It was used
as received.A2 / E / (HX)O r

k =2
A3 / (HX)O (4)

Where E, A1, A2, and A3 designate epoxy, pri-
Techniquesmary amine, secondary amine produced by addi-

tion of an epoxide, and tertiary amine as a final Differential scanning calorimetry (DSC) and dy-
product, respectively. namic mechanical analysis (DMA) were used to

Cole et al.7 proposed the following etherifica- obtain all the experimental data reported in this
tion reaction: work.

A Perkin-Elmer DSC-7 unit, under control of a
1020 system controller, was used for calorimetricmA3 / E / n (OH) r

k3

ether /mA3 / n (OH) (5)
measurements.

In this last equation, an epoxide ring is trans- The experiments were carried out in a tempera-
formed into an ether linkage, and there is no ture range from 030 to 2507C. Owing to the low
change in the number of hydroxyl groups (OH). temperature necessary for the performance of
Etherification refers to both the epoxide–hy- measurements, a cooling device (Intercooler II
droxyl reaction and the homopolymerization reac- supplied by Perkin-Elmer) was adapted to the
tion. To cover the different possibilities, the equa- DSC-7 equipment. The calorimeter was calibrated
tion contains a coefficient n , representing the following the procedure given in the Perkin-Elmer
number of hydroxyl groups involved (as either re- DSC-7 Manual.11 Two standards (indium and bi-
actant or catalyst) and m , the number of tertiary distilled water obtained by the Milipore method)
amine groups (as catalyst) . Both n and m could were used.
be zero. In our case, owing both to the nature of The calorimeter was used to measure glass
reactants and to the experimental conditions, the transition temperatures, and it was operated in
etherification reaction is neglected. both dynamic and isothermal modes.

From eqs. (1) to (4), assuming equal reactivity Dynamic mechanical properties were mea-
for all the amine hydrogens, the reaction rate, in sured using a Perkin-Elmer DMA-7 operated in
terms of basic concentrations, can be described by the parallel plate measuring system. The DMA
a semiempirical equation: was calibrated using indium as a standard. Sam-

ples were under constant dynamic force of 60 mN.
da
dt
Å (K *1 / K1a

m)(1 0 a )a(B 0 a )b

RESULTS AND DISCUSSIONwhere K *1 and K1 are constants proportional to
rate constants, and B is the initial ratio of diamine

Gelation Studyequivalents to epoxide equivalents (B equals 1.0
when stoichiometric quantities of the reactants Gelation is a phenomenon that takes place during
are mixed). thermosetting polymer cure reactions. It corre-

In a previous article,8 it was concluded that for sponds to the incipient formation of a network
the system studied here, with an infinite weight-average molecular weight.

Gelation occurs at a well-defined stage in the
course of the cure reaction and is dependent on

da
dt
Å (K1a / K *1)(1 0 a )2

the stoichiometry, functionality, and reactivity of
the reactants. This phenomenon typically occurs

EXPERIMENTAL for conversions between 55 and 80% (conversion
degree a Å 0.55–0.80).

Materials According to Flory,12 for epoxy–diamine reac-
tions, gelation occurs when conversion degreeThe thermosetting system studied is a stoichio-

metric mixture of epoxy resin–diamine. The ep- reaches the following value:
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Table I Times and Conversions at Gel Point
ag Å

√
B
3 from the Solubility Test

T tgel

where B is the ratio of amine hydrogen equiva- (7C) (min) a
lents to epoxide equivalents initially. In our case

60 40.13 0.58BÅ 1 as stoichiometric quantities are mixed. This
70 21.63 0.59leads to a value of agÅ 0.58; that is, 58% of conver-
80 13.06 0.65sion.
90 8.46 0.63Prior to gelation, the polymers remain soluble in

100 4.96 0.64suitable solvents; after gelation, samples show a
rubber viscoelastic behavior and become insoluble.

As cure reaction proceeds, the molecular
weight increases, and several chains link together surements. A quasi-isothermal regime can be
into networks of infinite molecular weight. This achieved by cooling the sample from the experi-
sudden and irreversible transformation, from a mental chosen temperature to 57C below it at a
viscous liquid to an elastic gel, is the gel point; constant cooling rate of 0.17C min. Once the sam-
and the time at which it occurs, at a given isother- ple is inside the DMA furnace, the parallel plates
mal cure temperature, is the gel time. This gel experiment is programmed by means of a rounded
time can be determined experimentally following point probe. Figure 2 shows the gelation processes
different procedures. In the present study, we at the various temperatures used in this study.
have followed two experimental methods: a solu- Gel times and the corresponding conversions data
bility test and DMA. obtained by DMA are listed in Table II.

Tables I and II show a reasonable agreement
between gel time values obtained by using bothSolubility Test
methods. In addition, the values measured for

In this method, the time to reach a fibriform struc- conversions at gel point are very closed to the
ture in tetrahydrofurane is measured.13 The ex- value predicted by Flory (58%). For this reason,
perimental procedure is as follows. An aluminium it can be reasonably assumed that for the system
can containing the sample is introduced into a here studied, gelation corresponds to an isocon-
thermostatted bath filled with polyethylene gly- version process, ag Å 0.58.
col. The sample was continuously shaked; and at An overall activation energy for polymerization
different times, a part of same was taken out from can be obtained from gel times, assuming that
the container and poured into a beaker containing cure reactions may be described by differential
tetrahydrofuran trying to determine the time nec- equations containing one unique apparent activa-
essary for the sample to become insoluble at tion energy,15,16 as follows:
which a fibriform structure is visualized. Table I
shows the gel formation (gel times) and the corre-
sponding conversions at the different tempera- da

dt
Å A expS0 E

RTc
D f (a ) (6)

tures used in this study.

Dynamic Mechanical Analysis where A is a constant factor, E is the apparent
activation energy for the overall reaction, Tc is theDMA was used to measure dynamic mechanical
isothermal cure temperature, and f (a ) is as-properties of the epoxy. The equipment was oper-
sumed to depend on a and to be independent ofated in the parallel plate measuring system. Gel
the cure temperature.time was assigned as that corresponding to the

Integration of this equation from a Å 0 to amaximum value of tan d, 14 where d is the phase
Å ag and taking natural logarithms leads toangle between the imaginary part and the real

part of the complex viscosity. Samples (10–20
mg) were placed into aluminium pans and cov-

ln *
ag

0

da
f (a )

Å ln A / ln tg 0 S E
RTc

D (7)ered with an aluminium disk, which was pressed
by a parallel plates platform until the disk is to-
tally submerged into the sample. This procedure
assures a good contact between the platform and The left-hand side of this equation is indepen-

dent of Tc , sothe sample, so improving the correctness of mea-
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Figure 2 DMA gelation plots for the various isothermal cure temperatures: (a) Tc

Å 60, (b) 70, (c) 80, (d) 90, (e) 1007C.
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Table II Times and Conversions at Gel Point These samples were then quenched to 0307C in
from DMA Experiments order to keep them at their polymerization

state.17,18 The samples are then scanned to 2507C
T (7C) tgel (min) a at 107C min. This heating rate value was found

to be the optimum in order that further relaxation60 38.70 0.58
of the glass to its equilibrium rate does not pro-70 18.30 0.58
ceed during the heating period, and Tg is indepen-80 12.32 0.64
dent of the heating rate.90 7.80 0.63

100 4.96 0.63 Figure 3 shows some of the dynamic experi-
ments carried out in order to measure Tg . It can
be seen that Tg increases as cure time increases
[Fig. 3(a) – (d)] . The step change smooths in the

ln tg Å C / E
RTc

(8) vicinity of the exotherm of the residual reaction,
making it difficult to determine Tg . Samples that
have vitrified during the isothermal cure (TgThe activation energy can be calculated from
ú Tc ) show an endothermic physical aging peakthe slope of the straight line, which results when
in the vicinity of Tg [Fig. 3(e)] . To eliminate theexperimental values of ln tg are plotted as a func-
physical aging peak and, therefore, the effects oftion of (1/Tc ) . From experimental values given in
physical aging on Tg , these samples are quenchedTable I (solubility test) , an activation energy E
to 0307C at 3007C min and then rescanned toÅ 12.63 kcal mol01 Å 52.88 kJ mol01 is found.
2507C at 107C min [Fig. 3(f )] . This procedureThis same activation energy can be calculated
allows the determination of Tg .from DMA data given in Table II and the results

Figure 4 shows Tg values as a function of theare that E Å 12.28 kcal mol01 Å 51.42 kJ mol01 .
cure time, tc , for the different isothermal cureAs it can be seen, the results obtained using
temperatures. As can be seen, Tg rapidly increasesboth methods show a reasonable agreement,
with cure time up to vitrification time, at whichwhich leads us to believe that both of them can
Tg Å Tc

19 ; then the increase in Tg becomes slower,be used to characterize gelation parameters.
owing to diffusion effects. In this sense, tv denotes
the time at which incipient vitrification takesVitrification Study
place. For t ú tv , two different effects are associ-DSC plots of dH /dT as a function of T show an
ated with the further increase of Tg : on the oneendothermic step change in heat capacity at the
hand, conversion continues to increase, althoughglass transition. Glass transition temperature,
at a greatly diminished rate; on the other hand,Tg , is taken as the midpoint of this transition.17

physical aging of the sample in the glassy stateIt was mentioned that as a thermosetting
leads to an increase in Tg . To remove all traces ofcures, its glass transition temperature increases
physical aging, it is necessary to heat the sample,from a minimum, initial value, Tgo , to a maximum
previously cooled, to a temperature just beyondvalue, Tg` , which corresponds to the fully cured
the observed Tg to cool it rapidly and heat a secondmaterial.
time to determine the correct Tg . This procedureFor the epoxy system reported in this article,
can be employed when the curing rate during theboth values were measured in our laboratory, re-
first heating may be neglected. In order to get thesulting in Tgo Å 030.17C and Tg` Å 146.37C.
Tg versus a relationship, it is recommended to useExperimental data reported in this work were
the Tg versus ln t plot only up to tv .17 In orderobtained from DSC studies using a Perkin-Elmer
to calculate vitrification times, curves shown inDSC-7 unit. Five to seven milligram samples of
Figure 4 were fitted to power functions of the nthuncured resin were sealed in aluminium pans and
degree, taking into account that vitrification takescured in the preheated DSC unit at isothermal
place at Tg Å Tc .cure temperatures from 60 to 1007C for various

cure times in the range from 1 to 50 minutes. Vitrification times corresponding to the differ-

Figure 3 DSC dynamic plots used for determination of Tg in partially reacted samples
at different isothermal cure temperatures: (a) Tc Å 607C, tc Å 34 min; (b) Tc Å 607C,
tc Å 48 min; (c) Tc Å 707C, tc Å 34 min; (d) Tc Å 907C, tc Å 12 min; (e) Tc Å 807C, tc

Å 83 min (first scan); (f ) Tc Å 807C, tc Å 83 min (second scan).
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Figure 3 (Continued from the previous page )
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Figure 4 Tg versus ln time for various cure tempera-
tures from DSC isothermal cure temperatures.

Figure 5 One-to-one relationship between glass tran-
sition temperature (Tg ) and conversión (a ) .ent isothermal cure temperatures are shown in

Table III.
The experimental Tg versus a DSC data are

shown in Figure 5. It can be noted that the rela- parameter between 0 and 1. Pascault and Wil-
liams19 show that l is theoretically equated totionship between Tg and conversion is indepen-

dent of cure temperature. This fact agrees with DCp` /DCpo , where DCp` and DCpo are the differ-
ences in heat capacity between the glassy and rub-studies reported in the literature.17,18 The one-to-

one relationship between Tg and conversion im- bery (or liquid, prior to gelation) states at Tg for
the fully cured network and monomer, respec-plies that either the molecular structure of the

materials cured at different temperatures is the tively.
Figure 6 shows a fit of Tg versus a using thesame or that the difference in molecular structure

for materials cured at different temperatures does DiBenedetto equation. In this equation, l is
treated as an adjustable parameter and is deter-not have a significant effect on the glass transition

temperature (i.e., the differences in structure mined to be 0.165. The DiBenedetto equation will
be used when it is necessary to convert Tg to con-occur on a size scale smaller than that measured

by Tg ) . version and vice versa. Application of this equa-
tion, using the value of aÅ 0.58 given by the FloryNielsen reported a modified form of the empiri-

cal DiBenedetto equation,19 theory, led to the calculation of gelTg Å 7.27C.

Tg 0 Tgo

Tg` 0 Tgo
Å la

1 0 (1 0 l )a Time–Temperature Superposition of DSC Data

Time–temperature shifts of Tg versus log time
where Tgo is the Tg of uncured monomer, Tg` is the data at different cure temperatures yield a master
maximum glass transition temperature obtained curve for the reaction at an arbitrary reference
experimentally for the fully cured material, and temperature.17,18 The theoretical basis for the su-
l is taken as an adjustable structure-dependent perposition is the one-to-one relationship between

conversion and Tg and the assumption that the
polymerization is kinetically controlled with a sin-Table III Vitrification Time at Various
gle apparent activation energy.Isothermal Cure Temperatures

The rate of reaction is given by the Ahrrenius
T (7C) tv (min) rate equation (6), from which equation (7) is de-

rived. Since the left-hand side of this equation is
60 109.61 only a function of conversion, and because there
70 80.28 is a one-to-one relationship between conversion
80 48.87 and Tg , some function of Tg , F (Tg) , can be substi-
90 36.03 tuted for the left-hand side of the equation, as

100 35.51 follows:
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F (Tg) Å ln A / ln tc 0 S E
RTc

D (9)

The shift factor, aTc , is the difference in ln time
between two curves shifted at constant Tg ( i.e.,
the same conversion).

aTc Å ln tr 0 ln tc Å S0 E
RDS 1

Tc
0 1

Tr
D (10)

where the subscript r corresponds to an arbitrary
reference temperature.

Figure 7 shows Tg versus ln time master curve
at 807C. From the master curve, values of Tg (or

Figure 7 Tg versus ln time master curve for the sys-a ) may be obtained at any Tc , providing the
tem BADGE n Å 0/1,2-DCH at a reference tempera-knowledge of Tg values corresponding to the cure
ture, Tr , of 807C.

reaction at a given reference temperature, Tr .
Isoconversion curves have been determined by

numerical integration of the kinetic model.6 Only as a function of the reaction temperature (Fig. 8).
values prior to vitrification have been taken into Data were fitted to curves, taking into account
account. Our diagram cannot be extended into the that the gelation curve and vitrification curve in-
diffusion-controlled regime since the master curve tersect at the curing time, corresponding to gelTg

used is only valid for the kinetically controlled calculated using the DiBenedetto equation and
regime. the value a Å 0.58 (theoretical gelation). Isocon-

version curves corresponding to a Å 0.32, 0.45,
0.75, 0.80, and 0.96 are plotted.

The isoconversion curve a Å 0.96 corresponds
TTT Diagram to the maximum achievable experimental extent

of conversion.
The TTT isothermal cure diagram was calculated To plot a TTT diagram, it is necessary to know
from the contours of the time to gel and to vitrify three principal temperatures: Tgo , the initial Tg

of the system; gelTg , the temperature at which vit-
rification and gelation occur simultaneously (i.e.,
the temperature at which the conversions for vit-
rification and gelation are the same); and Tg` ,
the maximum glass transition temperature of the
fully cured system.

For the system studied here (BADGE–DCH),
Tgo and Tg` were experimentally determined; and
gelTg was calculated using the DiBenedetto equa-
tion and the value a Å 0.58, which corresponds,
according to Flory, to the theoretical gelation. Val-
ues of Tgo and Tg` were measured by DSC. gelTg

was determined as the temperature correspond-
ing to the intercept of gelation and vitrification
curves in a Tc ( 7C) versus ln t plot. The values of
the three characteristic temperatures are found to
be TgoÅ030.17C; gelTgÅ 7.27C; and Tg`Å 146.37C.

The vitrification curves are, as usual, S-shaped.
The times to vitrification pass through a maxi-Figure 6 One-to-one relationship between Tg and

conversion using the DiBenedetto equation. mum at a cure temperature just above Tgo because
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of the competing effects of increasing reactivity gelTg (7.27C) is the temperature at which the
system gels and vitrifies simultaneously.and decreasing viscosity with increasing tempera-

ture. In contrast, the times of vitrification pass Between Tgo and gelTg (030.17C õ Tc õ 7.27C),
the system will react until its continuously risingthrough a minimum at a temperature of cure just

below Tg` because of the competing effects of the glass transition temperature becomes coinciden-
tal with the cure temperature; at which stage vit-increasing reaction rate constant and the increas-

ing extent of conversion at vitrification with in- rification will begin and the reaction becomes dif-
fusion-controlled, so gelation may not be achieved.creasing temperature.20

Figure 8 shows that iso-Tg contours are almost For vitrification below gelTg , the resulting mate-
rial will have a low molecular weight and it willparallel to the gelation curve, which suggest that,

in this case, this curve can be also considered as flow on heating. Tg` (146.37C) is the maximum
temperature at which glass transition can bean isoconversion one. Extent of conversion slows

after vitrification, but it does not cease. achieved. Between gelTg and Tg` (7.27C õ Tc

õ 146.37C), gelation precedes vitrification. ForAccording to the TTT cure diagram, as a ther-
mosetting material cures, its glass transition tem- our system, gelation occurs at an extent of conver-

sion of a Å 0.58 (gel point).perature increases with the extent of conversion.
When the Tg reaches the value of the isothermal After gelation, the curing sample contains sol

as well as gel fractions. The gel initially formedcure temperature, Tc , the material vitrifies. In the
vicinity of vitrification, the segmental mobility de- is weak and can be easily disrupted. To produce

a structural material, cure has to continue untilcreases, and the overall rate of the reaction may
become controlled by the limiting diffusion of re- most of the sample is connected into the three-

dimensional network, in which case, the sol frac-acting species.
Tgo (030.17C) corresponds to the glass transi- tion becomes small; and for many cured materials,

it has to be essentially zero. If the materialtion temperature of the material with the degree
of conversion a Å o. Below this temperature, the achieves the maximum extent of conversion, no

soluble fraction is present.thermoset is a glassy solid soluble in suitable sol-
vents. The system does not react below Tgo . If the cure reaction is above Tg` (146.37C), no

vitrification occurs; and the reaction is kinetically
controlled, and total conversion may be theoreti-
cally achieved. However, as the time increases, a
great amount of material is thermodegraded so
that its useful properties are lost.

From the TTT isothermal cure diagram, the
cure conditions for the cure reaction of an epoxy
system studied may be determined.

From the observation of the TTT diagram for
the system diglycidyl ether of bisphenol A–1,2-
Diaminecyclohexane, it can be deducted that a
cure at 237C for 24 h and then 16 h at 707C will
allow an optimum result with a final conversion
coincidental with the maximum achievable extent
of conversion at a Å 0.96.

This same cure conditions are in complete
agreement with those proposed by Dupont for the
same epoxy system using commercial products.

CONCLUSIONS

Phenomenom of gelation for the system BADGE
n Å O/DCH has been studied using two different
experimental techniques: solubility test and DMA.
The values of gel times and apparent activationFigure 8 Calculated TTT isothermal cure diagram

for the system BADGE n Å 0/1,2-DCH. energies obtained using both methods are in rea-
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Polym. Sci., 29, 3307 (1984).28, 2567 (1983).

8ED3 4618/ 8ED3$$4618 09-26-97 17:22:13 polaal W: Poly Applied


