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Abstract

The kinetics of the epoxy—amine polycondensation and the epoxy
homopolymerization in off-stoichiometric epoxy/amine formulations with
excess of epoxy groups, and in the presence of an anionic initiator have
been investigated. Diglycidyl ether of bisphenol A (DGEBA) and
diethylenetriamine (DETA) have been used as epoxy and amine reagents,
respectively, and 2-methylimidazole (2MI) has been used as anionic
initiator. This study has been carried out using a differential scanning
calorimeter (DSC). The thermal-mechanical properties of the partially
cured and fully cured materials with and without initiator have been
determined by DSC and dynamic-mechanical analysis. First, off-
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stoichiometric DGEBA/DETA mixtures with excess of DGEBA, with and
without 2MI, have been reacted isothermally at low temperatures, where
only the epoxy—amine condensation takes place, because the epoxy
homopolymerization has a very low curing rate. Afterward, samples
containing 2MI have been heated at different heating rates to study the
homopolymerization process of the epoxy excess. The kinetics of both
processes have been analyzed with an isoconversional method to determine
the activation energy, and the Sestak—Berggren equation has been applied to
determine the frequency factor and the orders of reaction. In the isothermal
curing, amine—epoxy condensation, the activation energy and the frequency
factor decrease with increasing degree of conversion, but in the
homopolymerization process, both magnitudes increase with the degree of
conversion. Results show that the dual-curing character of off-
stoichiometric DGEBA/DETA thermosets with 2MI as anionic initiator
renders them suitable for multistage curing processes in which the degree of
cure and material properties in the intermediate stage can be controlled
easily and final material properties can be enhanced.

AQ1

Keywords

Epoxy networks
Isothermal cure
Thermal cure
Kinetics

Introduction

Epoxy resins are used in a wide range of applications such as adhesives,
coatings, electrical laminates, encapsulation of semiconductor devices, matrix
material for composites, structural components [1, 2, 3,4, 5,6, 7, 8, 9, 10, 11,
12], flame retardants [13, 14] and cryogenic engineering [15, 16, 17] because
of their superior mechanical properties, adhesion and chemical resistance.
Epoxy resins are also highly versatile because of the variety of curing agents
or hardeners available [4, 18, 19]. Curing of an epoxy—amine mixture
proceeds through different reaction mechanisms. In competition with the main
stepwise polycondensation reaction between epoxy and amine groups [18],
homopolymerization of epoxy groups can take place at higher temperatures
and can be catalyzed by the tertiary amines formed by the polycondensation
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reaction or additional anionic initiators [20, 21].

Dual-curing methodology is a useful strategy to obtain thermosets by
combining two different polymerization reactions. Sequential dual curing
allows the preparation of storable and handleable materials after an initial
curing stage, which upon application of a second stimulus, attain their
ultimate properties [22]. Among dual-curing methodologies, the preparation
of dual materials from off-stoichiometric formulations has recently gained
interest, because it allows the combination of a step growth polymerization
with a chain-growth polymerization [23, 24, 25]. In this case, the first stage of
curing is a self-limiting click reaction between two monomers with an excess
of one of them. The second curing stage is the homopolymerization, thermally
or UV induced, of this excess of unreacted groups. The key point of this
strategy is to ensure that the second stage does not start during the first curing
stage.

The main objective of this work has been to develop a new dual-curing system
based on sequential epoxy—amine click polycondensation and epoxy anionic
homopolymerization in order to exploit the concept of dual-curing based on
the combination of two thermal curing processes with different reaction
temperatures.

For this objective, the kinetics of the epoxy—amine polycondensation and the
epoxy homopolymerization of off-stoichiometric epoxy/amine formulations
with excess of epoxy groups and in the presence of an anionic initiator have
been investigated. This study has been carried out using a differential
scanning calorimetry (DSC). We have also determined the thermal—
mechanical properties of the partially cured and fully cured materials with and
without initiator by DSC and DMA (dynamic-mechanical analysis). The
results indicate that the dual-curing character of off-stoichiometric thermosets
with an anionic initiator renders them suitable for multistage curing processes
[26] in which the degree of cure and material properties in the intermediate
stage can be controlled easily and final material properties can be enhanced.

Experimental

Materials

Diglycidyl ether of bisphenol A (DGEBA) with an epoxy equivalent of
182 g ee_1 (EPIKOTE 827, Shell Chemicals) was dried in vacuum before use.
Diethylenetriamine (DETA, Sigma-Aldrich) was used as hardener, and
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2-methylimidazole (2MI, Sigma-Aldrich) has been used as anionic initiator.

Preparation of curing formulations

Three systems have been studied: a stoichiometric DGEBA/DETA
formulation (E827-DETA 100), a DGEBA/DETA formulation with a 50% of
excess of epoxy groups without added initiator (E827-DETA 50) and with
added 2% of 2MI (E827-DETA 50-2MI). The components of the systems have
been mixed at room temperature and vigorously stirred.

Differential scanning calorimetry

The kinetics of the curing has been evaluated by DSC analysis (Mettler
DSC-822¢ calorimeter). First, the three systems have been cured isothermally
at different temperatures (30, 40, 50, 60 and 70 °C). After that, two dynamic
scans have been performed from — 100 to 300 °C at 10 °C min_l. In the first
one the glass transition temperature (7 ) has been determined, and in the
second one the ultimate T o (T4 ) has been obtained. In the case of the system
E827-DETA 100 the T o has been determined by alternate differential scanning
calorimetry (ADSC) because the relaxation and residual peaks could not be
separated in the DSC scan. In the ADSC experiments the samples were heated
from 0 to 250 °C at a heating rate of 2 °C min_l, an amplitude of 0.5 °C and a
modulation period of 1 min. The value of the T o has been taken as the mid-
point of the heat capacity step in the reversing heat flow curve. The total heat
of curing has been determined from a dynamic scan from 0 to 300 °C at

10 °C min | in samples without isothermal treatment.

The system E827-DETA 50-2MI has also been dynamically cured at different
heating rates (2.5, 5, 7.5, 10 and 15 °C min_l) from 0 to 300 °C after an
isothermal curing at 40 °C for 4 h, to study the homopolymerization process.

Dynamic-mechanical analysis

To prepare the specimens, the mixtures have cured in a rectangular mold, with
different thermal treatments. The dimensions of the specimens were 20 % 10 x
2 mm3, approximately. The samples have been tested in a dynamic-
mechanical analysis (DMA, TA instruments Q800) at 3 °C min | using the
single cantilever mode, with an amplitude of 10 um and a frequency of 1 Hz.

Theory

In the isothermal curing studied, the relative degree of conversion is defined

4 de 22 06/03/2018 9:25



e.Proofing

5 de 22

http://eproofing.springer.com/journals_v2/printpage.php?token=sTCp...

as:

Ah; 1
Ahiso

o =

where A#h, is the heat released up to a time # and A/, is the total reaction heat
released during the isothermal cure. The kinetics of this curing has been
analyzed by means of an integral isoconversional method, using the following

equation [27]:

E,
lnta:ln[g(a)] + 2

A, RT,

where R is the gas constant and at a determined value of relative degree of
conversion, ¢, is the time attained, 4, is the frequency factor, £ is the
activation energy, and g(a) is the following integral obtained from a function
of the degree of conversion f{a):

(0%
do 3

g(a) (o)

The activation energy at a given conversion can be obtained from the slope of
the representation of In 7, versus the reciprocal of the temperature [see

Eq. (2)]. Knowing the kinetic model, the frequency factor at each relative
degree of conversion can also be determined from the intercept at the origin.

In the dynamic post-curing studied the relative degree of conversion is
defined as:

_ Ahr 4
B Ahgyy

a

where A/ is the heat released up to a temperature 7" and Ahdyn is the total
reaction heat released during the post-curing.
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The kinetics of non-isothermal post-curing has been analyzed by means of an
integral isoconversional method, using the Kissinger—Akahira—Sunose

ln(£> —ln( AR )— Ea >
72 )  \g(a)E, RT,

where T, is the temperature attained at a determined value of relative degree

equation [27]:

of conversion. The activation energy at a given conversion can be obtained
from the slope of the representation of In(f/T az) versus the reciprocal of the
temperature [see Eq. (5)]. As in the isothermal curing, the frequency factor
can be obtained from the intercept at the origin assuming a certain kinetic
model.

Results and discussion

Differential scanning calorimetry

Figure 1 shows the dynamic scans at 10 °C mini1 of the three studied systems
without previous thermal treatment. It can be seen that the systems without
anionic initiator (E827-DETA 50 and E827-DETA 100) only present a peak,
corresponding to the reaction between the epoxy and amine groups. The size
of the peak corresponding to the system E827-DETA 100 is greater than in
E827-DETA 50 because in the first one there are more amine groups and then
the extent of the reaction and the corresponding curing heat are greater. In the
system E827-DETA 50-2MI there are two peaks, the first one also
corresponds to the reaction between the epoxy and amine groups and the
second one, at higher temperatures, to the homopolymerization of the excess
epoxy groups initiated by 2MI. Although the separation between the peaks in
the dynamic experiment is not perfect, these results indicate the E§27-DETA
50-2MI can be potentially used as a dual-curable system with controlled
curing sequence.

Fig. 1

Heat flow of the dynamic curing of the three studied systems without previous
thermal treatment

06/03/2018 9:25



e.Proofing

7 de 22

http://eproofing.springer.com/journals_v2/printpage.php?token=sTCp...

d

2154 A - - EB27-DETA 50
(4] Pg . .
il v E§27-DETA 50-2M1
_ l — ES27-DETA 100
2
=

0 50 100 150 200 250 300
Temperature*C

Table 1 shows the dynamic curing heat and the Ty, values of the three
systems. In E§27-DETA 50 the dynamic curing heat is smaller (50% of the
theoretical value) [28, 29] because 50% of the epoxy groups have not reacted.
E827-DETA 50 exhibits two glass transition temperatures, probably the higher
T, related with the epoxy—amine network formed and the lower T o with
regions where the epoxy excess exerts a plasticizing effect, but they are lower
than those of the other two systems due to the lower quantity of reacted epoxy
groups and to the plasticizing effect of the epoxy excess. The other systems,
where the epoxy groups are completely reacted, have values of T, and the
dynamic curing heat very similar. The T, of the E827-DETA-100 system is
similar to that reported previously by us [20], but that of the ES27-DETA
50-2MI system is somewhat lower, suggesting that either the dynamic curing
might not have led to the same network structure, either by incomplete
reaction of epoxy groups or thermal degradation. In that work, the post-curing
of the sample was set to 2 h at 180 °C [20] in order to ensure complete
reaction and prevent side reactions or degradation.

Table 1

Ultimate glass transition temperature (7,,,), dynamic curing heat (Ahdyn) and the
parameters m and n of the Sestdk—Berggren equation of the isothermal curing for all the
studied systems

System E827-DETA 50  E827-DETA 50-2MI  E827-DETA 100
Tyoo/°C 38, 52 135 137
Ahgg/klee” ! 52 104 104

m 0.465 0.422 0.521
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System E827-DETA 50 E827-DETA 50-2MI E827-DETA 100

n 1.535 1.578 1.479

Given the potential of the E827-DETA 50-2MI as dual-curable system, the
curing kinetics and the properties of partially and totally cured materials were
studied in more detail and compared with the other systems.

Figure 2 shows the isothermal curing at different temperatures of the system
E827-DETA 50-2MI. In the inset of this Figure the relative degree of
conversion [Eq. (1)] has been represented as a function of the time. It can be
seen, as expected, that the rate of the reaction increases with temperature.
Similar results have also been found for the other studied systems (E827-
DETA 50 and E827-DETA 100).

Fig. 2
Heat flow of the isothermal curing of E827-DETA 50-2MI at different
temperatures. In the inset, relative degree of conversion versus curing time
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Figure 3 compares the isothermal curing at 40 °C of the three systems. In the
inset of this figure, the relative degree of conversion found using Eq. (1) has
also been represented versus the time. In the system E827-DETA 50-2MI, the
anionic initiator slightly increases the rate of reaction with respect to E827-
DETA 50 system, because its amine groups increase the reactivity of DGEBA.
In the system E827-DETA 100 the reaction is faster due to the higher
concentration of reactive species and the tertiary amine formed. The epoxy
excess in off-stoichiometric formulations exerts a significantly dilution effect,
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and consequently, the curing is decelerated.

Fig. 3

Heat flow of the isothermal curing at 40 °C of the three studied systems. In the
inset, relative degree of conversion versus curing time

0.07 i
l:. 0nE -
2
= 0.05 - 0.6
| 0.4
= 02
20 0.03 s 0.0 e
'._E ] = (11} 150 200 250
= i R = _ Time'min
S 0014 e N T,
: .
0.01 4 --E327-DETA 50
ws ER2T-DETA 50-2M1 e
— E#27-DETA G e
.03 - - - -
0 50 100 150 200 250

Time/min

Figure 4 shows the dynamic post-curing of E§27-DETA 50-2MI after
isothermal curing at 40 °C for 4 h at different heating rates. In the inset, the
relative degree of conversion found using Eq. (4) has been represented versus
the temperature. As it was expected, the scans move to higher temperatures on
increasing the heating rate. The dynamic post-curing observed at temperatures
above isothermal curing temperature corresponds to the homopolymerization
process. This process presents a peak without any shoulder at all heating rates.
No such post-curing was observed in samples E827-DETA 50 without added
initiator, because of the lower activity of the formed aliphatic tertiary amines
as initiators for the epoxy homopolymerization. Partially cured samples of
E827-DETA 100 experienced a post-curing that started immediately after
relaxation of the vitrified network (results not shown).

Fig. 4

Heat flow of the dynamic curing at different heating rates of E827-DETA
50-2MI after isothermal curing at 40 °C for 4 h. In the inset, relative degree of
conversion versus temperature
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Table 2 shows the activation energy and the frequency factor of the isothermal
curing of the three studied systems at different relative degrees of conversion,
found using Eq. (2). The average regression coefficient on applying this
equation is 0.999. The average error bar of the activation energy values listed
in Table 2 1s 3.6 kJ mol_l. To determine the orders of the reaction, a model-
fitting method and the Sestak—Berggren equation f{a) = a (1- a)n [27] has
been used with m + n = 2 [30]. Under this condition, the integral function of
the degree of conversion g(a) can be expressed as:

Table 2

Activation energies and frequency factors at different relative degrees of conversion
curing for all the studied systems

Sstem a= a= a= a= a= a= a= a= a=
y 005 01 02 03 04 05 06 0.7 0.8
E827- »
DETA E/kJmol' 555 555 551 54.6 540 532 520 503 47.
50
132 1.19 9.13 7.16 549 4.03 2.65 143 5.1
A/sf1 X X X X X X X X X
10 104 100 10° 10° 10° 10° 10> 10%
E827- »
DETA E/kJmol' 51.4 525 525 520 513 502 485 460 41.
50-2MI
289 390 3.52 2.80 204 134 730 2.87 6.1
A/§1 X X X X X X X X X
10° 100 10° 10° 10° 10° 10* 10* 10°
E827- »
DETA E /kImol ' 525 543 551 552 550 547 540 53.1 51
100
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Sstem a= a= a= a= a= a= a= a= a=
y 005 01 02 03 04 05 06 07 08

7.30 1.12 124 1.19 1.07 9.19 7.40 5.54 3.8
X

X X X

A/s7! X
100 10 10 10® 10° 10° 10° 10° 10°

g(a) = . ( “ )1m ¢

1-m\l -«

At the beginning of the process, the values of the activation energy and the
frequency factor are similar for the three systems. At the end of the process,
the activation energy and the frequency factor decrease in the off-
stoichiometric systems, the decrease being slightly more pronounced in the
system with anionic initiator. On the other hand, the stoichiometric system
exhibits a smaller decrease in these magnitudes, the kinetic parameters
remaining almost constant in all ranges of curing. The values of the
parameters m and »n are indicated in Table 1. They are similar for the three
systems. In general, it can be concluded that the kinetics of curing are affected
barely by 2-MI but more by the dilution effect of the epoxy excess.

Table 3 shows the T o values after isothermal curing at different temperatures.
The stoichiometric system always exhibits greater values of T o compared to
the other systems, because, at any given temperature below its ultimate 7', it
cures until it vitrifies, eventually reaching a 7' o that somewhat higher than the
isothermal curing temperature [31]. Because in the E§27-DETA 100
formulation the curing resumes as soon as the system devitrifies, for this
system the T o had to be determined using ADSC. In contrast, in the curing of
off-stoichiometric systems, the curing first proceeds until the reaction of all
the amine groups from DETA is over. In the absence of added initiator, as in
E827-DETA 50 system, no more reaction takes place, so that the T o of the
partially cured sample remains practically constant regardless of the curing
temperature. The slight increase in the T o of E827-DETA 50 formulation with
increasing curing temperature may be caused by the onset of vitrification and
a too early stop of the DSC measurement. At lower curing temperatures, both
off-stoichiometric systems have similar 7' o but at higher temperatures, the
system with 2MI exhibits greater values. DGEBA homopolymerized with 2
phr of 1-methylimidazole has a T, of 180 °C [20], while this value goes down
to 156 °C using 5 phr of initiator [32]. Although the neat DGEBA formulation
with 2MI was not studied, it can be hypothesized that the higher T o of 2MI
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formulation is due to a contribution of the epoxy homopolymerization, that is
already being activated at moderate temperatures, as low as 60 or 70 °C.
Vitrification may also take place in formulation E827-DETA 50-2MI at 60 and
70 °C, reaching T’ o values higher than the isothermal curing temperature.
E827-DETA 50 formulation cured at 70 °C shows two glass transitions, in the
similar way than the same formulation after the complete dynamic cure.

Table 3

Glass transition temperatures (°C) after the isothermal curing at different temperatures
(T,) for all the studied systems

T /°C E827-DETA 50 E827-DETA 50-2MI E817-DETA 100
30 25 26 46
40 27 28 57
50 31 30 69
60 34 61 77
70 34, 48 78 89

Table 4 shows the values of the degree of conversion attained at the end of the
isothermal curing (a; ) with respect to the total reaction heat. This degree of

conversion has been calculated as:

A hiso 7
Ahgyn

Qigo =

@, Increases with temperature for the three systems studied, in agreement
with the increasing T’ o with increasing temperature shown in Table 3. In the
systems E§27-DETA 50 and E827-DETA 100, where the anionic initiator has
not been added, the reaction is nearly complete at 70 °C, because the values of
@, are closer to 1. However, in the system E827-DETA 50-2MI, the values of
a;, are lower because the homopolymerization has only taken place to a
limited extent or it has not still begun. Probably, the nucleophilic attack of the
2MI to the epoxy ring takes place and homopolymerization starts, but the
temperature is not enough to allow quantitative conversion of all the epoxy
groups because of vitrification.

06/03/2018 9:25



e.Proofing

13 de 22

http://eproofing.springer.com/journals_v2/printpage.php?token=sTCp...

Table 4

Degree of conversion attained at the end of the isothermal curing (a;,,) at different

temperatures (7)) for all the studied systems

T /°C E827-DETA 50 E827-DETA 50-2MI E817-DETA 100
30 0.591 0.345 0.572
40 0.689 0.425 0.684
50 0.851 0.473 0.740
60 0.943 0.564 0.793
70 0.940 0.653 0.827

Table 5 shows the activation energy and the frequency factor of the dynamic
post-curing of the system E827-DETA 50-2MI performed after an isothermal
curing at 40 °C for 4 h, found using Eq. (5). The average regression
coefficient on applying Eq. (5) is 0.994. The average error bar of the
activation energy values listed in Table 5 is 16.7 kJ molfl. The values of the
activation energy of Table 5 are greater than those in the case of isothermal
curing for the same system. Although at the beginning of the process, these
values stay relatively constant, they increase at the end. This trend is different
from the case of isothermal curing, where the values decrease. We have also
used the Sestak-Berggren equation with m + n=2 to find the orders of the
reaction. These values are 0.196 and 1.804, for m and n, respectively, and they
are remarkably different than those for isothermal curing, due to the
differences between both processes. This result suggests that the kinetics of
epoxy homopolymerization is quite different than epoxy—amine
polycondensation. The values of activation energy showed in Table 5 are
higher than those obtained for pure epoxy anionic homopolymerization [32] or
for dual cure formulation based on sequential thiol-epoxy click
polycondensation followed by epoxy anionic homopolymerization of the
epoxy excess [23]. Probably, the densely cross-linked network formed during
first curing stage, restricts the mobility of the active species, especially at
higher conversions, making the homopolymerization more hindered and
increasing the activation energy. In addition, one should also take into
consideration that the activity of 2-MI may be different from the initiator
employed in that work [23].
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Table 5

Activation energies and frequency factors at different relative degrees of conversion of
the dynamic curing of E827-DETA 50-2MI after isothermal curing at 40 °C for 4 h

a E,/kJ mol ! Als!

0.05 86.2 2.22 x 10°
0.1 88.0 3.25 % 10°
0.2 84.8 1.11 x 10°
0.3 83.0 6.76 x 108
0.4 82.1 5.72 x 108
0.5 81.8 5.75 x 10%
0.6 82.2 7.19 x 108
0.7 84.2 1.46 x 10°
0.8 91.9 1.66 x 101°
0.9 125.2 2.97 x 10
0.95 180.6 1.46 x 10%!

All these results indicate that the E§27-DETA 50-2MI formulation is a dual-
curable system with a fairly good control of the curing sequence, in a similar
way to off-stoichiometric thiol-epoxy systems [23]. The initial isothermal
temperature should be high enough in order to achieve complete epoxy—amine
polycondensation and exhaustion of reactive amino groups from DETA, but
not too much so as to avoid an undesired start of the epoxy
homopolymerization process. Tentatively, a maximum isothermal temperature
of 50 °C for this first process might be considered. The second
homopolymerization process would only be activated at higher temperatures
but, given that the 7' o of this system is 30 °C, the intermediate material could
be safely stored under vitrified conditions at room temperature or better with
mild refrigeration conditions (e.g., 5 °C) to guarantee stability for a prolonged
period of time before the final application. This curing system is also highly
versatile in terms of tailoring the intermediate and final properties. For
instance, if an amine with a functionality lower than DETA or more flexible
backbone was used, the low T o of the epoxy—amine network formed could be
enhanced with a second curing stage based on the anionic
homopolymerization of the epoxy excess. Conversely, the intermediate
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properties might be changed as well, leading to softer materials that might
find a specific application before the second curing process was activated.
Changing the ratio between DETA and E827 could also be an interesting way
of tailoring the intermediate and final material properties and applicability of
the curing system [23].

Dynamic-mechanical analysis

In Figs. 5—7 some DMA experiments are shown. Figure 5 shows the
plastifying effect of the excess of DGEBA, the dual nature of the curing of
off-stoichiometric amine—epoxy thermosets and the latency of these systems
after the first curing stage. This latency is controlled by the self-limiting
character of epoxy—amine condensation, vitrification if samples are stored at
temperatures lower than the T o of the partially cured system, and to the fact
that epoxy cannot homopolymerize at low temperatures. Although all
formulations devitrify when heated above their T o and a second curing process
is observed before reaching the ultimate T, some important differences
between formulations must be noted. The temperature of the maximum of tan
o after first curing stage is much lower and the decrease on the module during
T, 1s much higher in off-stoichiometric formulations than in the stoichiometric
formulation. This effect is more significant for E§27-DETA 50 mixture
because once the system devitrifies, the partially reacted network structure
relaxes completely and very slow reaction, if any, takes place when the
temperature is further increased leading to a very small change in modulus. In
the case of E§27-DETA 50-2MI, the full relaxation of the partially cross-
linked network is observed, in a similar way to the E§27-DETA 50
formulation. The shape and the size of the tan 0 peak, and the drop in modulus
during relaxation are almost identical, which suggests that in both cases the
epoxy—amine reaction is complete and that the second homopolymerization
process has not been activated in the case of the E827-DETA 50-2MI
formulation. However, because of the presence of 2MI, when the temperature
increases sufficiently the second reaction process is activated and cross-
linking takes place, leading to a significant increase in modulus. This second
process is complex from the network build-up point of view because other
vitrification/devitrification processes are observed, as seen from the multiple
peaks in the tan J curve, the last one corresponding to the relaxation of the
fully cured material. If we analyze the result of the E827-DETA 100
formulation, the complete relaxation of the partially cured network structure is
not observed because the curing process resumes as soon as the system starts
to devitrify; therefore, the intermediate modulus observed is much higher than
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in the case of ER27-DETA 50-2MI formulation.

Fig. §

Storage modulus (E£') and loss tangent (tan 0) of the three studied systems after
isothermal curing at 40 °C for 4 h
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Figure 6 shows for E§27-DETA 50-2MI formulation the DMA traces after
isothermal curing at 40 °C with and without isothermal post-curing at 150 °C.
It can be observed that post-curing results in an increase of the storage
modulus and the apparition of the new maximum of tan ¢ (related with T g) at
higher temperatures that is in agreement with the last relaxation process
observed during post-curing of the partially reacted sample in the DMA. The
same final relaxed modulus is obtained accordingly. Figure 7 shows DMA
curves for the stoichiometric system (E827-DETA 100) with the same curing
treatment. Again, it can be seen in the sample cured at 40 °C (without post-
cure) the devitrification and post-curing processes and the apparition of the
ultimate T gata higher temperature. A comparison of Figs. 6 and 7 shows the
effect of post-curing is significantly higher in E§27-DETA 50-2MI than in
E827-DETA 100, due to its lower degree of conversion after isothermal curing
at 40 °C (see Table 4) and the high glass transition of the epoxy homopolymer
network [20].

Fig. 6

Storage modulus (£’) and loss tangent (tan 6) of E827-DETA 50-2MI after
different thermal treatments
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Fig. 7

Storage modulus (£’) and loss tangent (tan §) of E827-DETA 100 after different
thermal treatments
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The above results also point at a fundamental difference between them in
terms of multistage processing. Clearly, the E§27-DETA 100 system allows
for very little manipulation after devitrification of the material because of its
high intermediate modulus and rapidly changing properties due to fast post-
curing. In contrast, the E827-DETA 50-2MI formulations makes it possible to
perform a number of operations or manipulations once it devitrifies, as the
material is very soft (low intermediate modulus) and it takes longer for the
second reaction to start. Therefore, the dual-curing E§27-DETA 50-2MI
system would be a suitable candidate for B-stage processing applications, for
instance.
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Conclusions

A new dual-curing system based on off-stoichiometric amine—epoxy
formulations has been developed. Epoxy—amine condensation takes place at
low temperatures in the first curing stage, while the excess of epoxy mostly
homopolymerizes in the second curing stage at higher temperatures.

After first curing stage, off-stoichiometric amine—epoxy formulations show
latency and can be safely stored at temperatures below their glass transition
temperatures. This latency is double controlled by the vitrification and by the
inability of the epoxy groups to homopolymerize at low temperature. The
novel methodology allows the custom-tailoring of the material properties at
the intermediate and final stages by changing the excess of epoxy groups in
the formulation and therefore the relative extent of amine—epoxy condensation
and epoxy homopolymerization.

Epoxy—amine polycondensation and epoxy homopolymerization present
different kinetic parameters that put in evidence the different nature and
reactivity of both processes. These differences allow the sequential curing at
two different temperatures of off-stoichiometric amine—epoxy mixtures in the
presence of a tertiary amine.
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