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A B S T R A C T

A simple and robust strategy to generate time-temperature-transformation (TTT) diagrams for dual-curable ther-
mosets is presented. TTT diagram is built for a dual-curable amine-epoxy formulation. Both curing stages are
epoxy-amine polycondensations. Whereas the first stage is carried out at relatively low temperature using a
strongly nucleophilic aliphatic amine, the second is carried out at high temperature with a weakly nucleophilic
aromatic amine. The good separation between curing stages enabled the individual kinetics analysis of each
stage by integral isoconversional procedures. Gelation was determined by thermomechanical analysis; the glass
transition temperature - conversion relationship was determined by calorimetry and was used to draw the vitrifi-
cation line. Gelation and vitrification lines were checked by means of solubility tests and temperature modulated
calorimetry. The results presented in the form of a TTT diagram showed the disparate reactivity of both curing
stages and a substantial storage stability at the intermediate curing stage. These materials show great potential
in applications where processing flexibility and intermediate stability are crucial.

1. Introduction

Dual curing is a methodology for obtaining thermosets by combining
two different and compatible polymerization reactions. It provides great
versatility and flexibility in product design and control of the curing.
Among the different strategies used, a scheme based on two sequential
click reactions is the most advantageous as it affords workable interme-
diate materials, which, upon exposure to a second stimulus, attain their
ultimate properties without producing any by-products [1]. The control
of the curing sequence is of paramount importance in this strategy and
can be achieved by using a latent catalyst or by different stimuli at each
stage or when the reaction rates are disparate [2–6]. TTT cure diagram
plays a pivotal role in knowing the properties of thermosets and the
physical events (gelation and vitrification) that take place during cur-
ing [7–11]. In dual-curable thermosets, this diagram also informs about
the storage stability of the intermediate materials, the conditions of safe
storage and about the curing stage in which gelification is achieved. As
a consequence, the potential applications of the intermediate and final
materials can be deducted from the TTT diagram [12].

There are many methodologies described for the construction of the
TTT diagram, some of which are contradictory and in many cases not
comparable. The main problems are: a) the definition and determination
of the gel point, b) the necessity to extrapolate experimental kinetic data
in order to build the whole diagram and c) the necessity to mix data
obtained from different techniques, which enforces the assumption that
a material cures at the same rate in all equipments. This approach can
in some cases be a source of error, since the reaction rate, especially in
autocatalytic curings, depends strongly on the sample mass and geome-
try, on the holder in which the sample is placed and on the way heat is
transmitted [13]. As a consequence, additional experimental data must
be collected to verify the assumptions made for the construction of the
TTT diagram and their range of applicability ().

In a previous manuscript [6] we developed a new family of dual-cur-
able epoxy thermosets, consisting of two consecutive amine-epoxy poly-
condensations at different temperatures and using different diamines:
one aliphatic, the other aromatic, each with a different nucleophilic
character. Intermediate materials had remarkable stabilities at room
temperature, thanks to the low reactivity of the aromatic amine used
as stage 2 curing agent, and also to vitrification during the first
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Scheme 1. Molecular structures of the chemicals used: (a) TGAP, (b) JEF with n=6 and (c) DDS.

curing stage or during storage. The materials ranged from ungelled liq-
uids (suitable as adhesives) to highly crosslinked solids (shape-memory
materials or structural composites).

The purpose of this work is four-fold: a) to study reaction kinetics
and the physical events that take place during curing of a dual-curable
epoxy thermosets obtained via two sequential epoxy-amine condensa-
tions, b) to show the results in the form of TTT diagrams that can be
used to establish the optimum conditions for curing, c) to illustrate the
main differences between dual-curing and conventional curing systems
in terms of flexibility of the curing process and d) to establish a method-
ology generally applicable for the curing of any thermoset using a mini-
mum amount of experimental data, with maximum reliability.

The kinetics of conventional and dual curing was analyzed by differ-
ential scanning calorimetry (DSC) using isoconversional integral isother-
mal and non-isothermal procedures. Curing kinetics were also analyzed
using model-fitting methods and autocatalytic kinetic models. T⁠g’s of un-
cured, intermediate and final materials were determined by calorime-
try. The relationship between glass transition temperature (T⁠g) and de-
gree of conversion (α) was also determined and compared with the the-
oretical one. Vitrification was determined by simulation using the iso-
conversional kinetic parameters and the relationship T⁠g-α, assuming that
the material vitrifies when its T⁠g reaches the curing temperature. Gela-
tion during curing was determined by isothermal DSC and thermome-
chanical analysis (TMA) combined experiments. Vitrification times were
checked experimentally by temperature modulated DSC (TMDSC) and
the gelation data through solubility tests. The TTT diagram was used to
illustrate the main transformations taking place during curing, the dual
nature of the curing, the intermediate storage stability and consequently
the enhanced applicability of dual curing systems in comparison with
conventional ones.

2. Experimental methods

2.1. Materials

The tri-glycidyl p-aminophenol epoxy resin (TGAP hereafter) with
trade name Araldite MY0510 (Huntsman Advanced Materials) and an
epoxy equivalent 95g/ee determined following standard procedures
[6], was used after dried in vacuum. As hardener, 4,4-diamino diphenyl
sulphone (DDS hereafter) and poly(propylene glycol) bis(2-aminopropyl
ether) (Jeffamine, M⁠w =400g/mol) (JEF hereafter), both supplied by
Sigma-Aldrich were used as received (Scheme 1).

2.2. Sample preparation

Samples were prepared in 1–2 gr batches inside 5ml vials using the
following procedure: DDS was weighed and added to TGAP and was
kept under magnetic stirring agitation at 90 °C for 5–10min until the
solution became clear. The mixture was left to cool down to room tem-
perature after which the required amount of JEF was added, quickly
stirred and immediately sent to analysis or sample preparation. Neat
TGAP-JEF formulation was prepared mixing both components directly
at room temperature. We studied a dual formulation coded as TGAP-
JEF50DDS50 (which contains 100 epoxy, 50 JEF, and 50 DDS equiva-
lents and stage 1 and stage 2wt fractions of 55.4% and 44.6, respec-
tively). This formulation was selected based on our previous results [6]
and because it contains the same equivalent amount of both amines, be-
ing the most representative of dual curing strategy. For comparison pur-
poses, the curing kinetics of both neat formulations (coded as TGAPJEF
and TGAPDDS) were also studied. In all formulations, ratio of epoxy to
amine hydrogen equivalents was 1:1.

2.3. Experimental techniques

Calorimetric analyses of materials were carried out on a Mettler
DSC822e thermal analyzer calibrated using an indium standard (heat
flow calibration) and used to determine reaction heats and glass transi-
tion temperatures (T⁠g). Samples of 10mg (±0.1mg) were placed in alu-
minium pans and were scanned under N⁠2 atmosphere in the analyzer
using various temperature programs depending on the type of mea-
surement. Isothermal curing was performed at temperatures of 70, 80,
90 and 100 °C (stage 1) and 150, 160, 170 and 180 °C (stage 2) and
non-isothermal curing was performed at 1, 2, 5 and 10 °C/min up to
300 °C for the dual curing or the second curing process after a first stage
curing at 90 °C for 180min. The conversion of epoxy groups was calcu-
lated as follows:

(1)

where Δh⁠t,T is the heat evolved up to a time t or a temperature T dur-
ing isothermal and dynamic curing experiments, respectively and Δh⁠tot
is the total heat released during curing. In determination of absolute
conversion, Δh⁠tot was the total heat obtained dynamically, whereas in
determination of relative conversion, Δh⁠tot was taken as the total heat
released during either stage 1 or 2. In our dual formulation, relative con-
version is simply twice the absolute since equal moles of amine react at
each stage.
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The T⁠g of the uncured (T⁠g0), intermediate (T⁠gint) (cured 180min at
90 °C) and final (T⁠g∞) (intermediate postcured 180min at 180 °C) mate-
rials were determined from a scan at 10 °C/min and the error estimated
as ±1°C. The T⁠g was determined as the midpoint in the heat capacity
step during the glass transition. The increase in heat capacity during
glass transition, ΔC⁠P, was also determined. The DIN 51007 method, in-
cluded in the STARe software by Mettler, was used for these determi-
nations. The isothermal curing times were selected by means of simula-
tions using isoconversional data and were sufficiently long to complete
each curing stage [6].

The relationship between the conversion and the glass transition
temperature, T⁠g-α, was determined from partially cured samples, subse-
quently heated up at 10 °C/min to determine their T⁠g and the residual
heat Δh⁠res. Conversion of partially cured samples was determined as:

(2)

Vitrification times were determined by temperature modulated DSC
(TMDSC) conducted at a single fixed frequency. Samples of approxi-
mately 20mg were quasi-isothermally cured at different temperatures
using temperature amplitude of 0.5K, with modulation periods of 60 s.
Fig. 1 shows, as an example, the complex capacity as a function of time
for quasi-isothermal curing of TGAPDDS formulation at 140 °C. As can
be seen, the drop in complex heat capacity is characterized by three
different time points: onset (t⁠v,o), midpoint (t⁠v,mp), and endset (t⁠v,end).
The vitrification times were taken as the endset because of its excellent
agreement with a different approximation of the vitrification time. The
details of this latter approximation will be presented in the following
sections.

A Mettler thermo-mechanical analyzer SDTA840 was used to deter-
mine the gel point. A silanized glass fiber disc about 5mm in diame-
ter was impregnated with the liquid (uncured) formulation and sand-
wiched between two aluminium discs. Samples were placed at 70, 80,
90 and 100 °C for different times and subjected to an oscillatory force
from 0.005 to 0.1N with an oscillation frequency of 0.083Hz. The gel
time, t⁠gel, was taken as the onset in the decrease of the oscillation am-
plitude measured by the probe or equivalently as the onset of the am-
plitude-time curve when the material is transformed from a liquid state
to a solid state during gelation. The conversion of epoxy groups at the
gel point, αgel, was determined as the conversion reached isothermally
in the DSC at the gel time. Fig. 2 shows, as an example, the gelification
of TGAPJEF50DDS50 formulation at 70 °C in TMA analyzer and the gel
point determination.

Fig. 1. Complex heat capacity. C⁠P
⁠*, as a function of time for TMDSC for quasi-isothermal

curing of TGAPDDS formulation at 140 °C with a modulation period of 60s and a tempera-
ture amplitude of 0.5K. The determination of the extrapolated onset (t⁠v,0), midpoint (t⁠v,mp)
and extrapolated endset (t⁠v,end) vitrifaction times are also shown.

Fig. 2. Determination of gel point conversion by combination of TMA oscillatory (blue)
and DSC (red) measurements, corresponding to formulation TGAPJEF50DDS50 cured at
70 °C. TMA amplitude is also plotted (black). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

The theoretical conversion of epoxy groups at the gel point, αgel
, during epoxy-amine condensation (stage 1) was calculated assum-
ing ideal random step-wise reaction, using the well-known Flory-Stock-
mayer equation [14,15]:

(3)

for TGAPJEF50DDS50, formulation r=2 is the epoxy/hydrogen amine
equivalent ratio, f=3 the epoxy monomer functionality and g=4 the
amine functionality.

3. Theoretical

3.1. Kinetic analysis

The kinetic methodology follows the ICTAC Kinetics Committee
recommendations [16] and the results obtained in previous works
[12,17–20]. Our goal is to establish a kinetic methodology as simple as
possible and that it allows building TTT diagrams easily and reliably.

Most kinetic parameters were determined using isoconversional
methods which are based on the assumption that reaction rate at con-
stant conversion is only a function of temperature.

Considering that the reaction rate dαdt is a function of temperature
and extent of conversion and that the dependence of the rate constant
k on the temperature follows Arrhenius equation, the reaction kinetics
can be described as:

(4)

where f(α) the differential conversion function, R the gas constant, A the
pre-exponential factor and E the activation energy.

Under isothermal conditions, the integration of Eq. (4) and taking
natural logarithms, leads to the following expression:

(5)

where g(α) is the integral conversion function given as

and t⁠α,i is the time to reach a given extent of conversion at different

3
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temperatures T⁠i. The values of kinetic parameters E⁠α and ln[g(α)/A⁠α],
are determined from the slope and intercept at the origin of the plot ln
t⁠α,i versus 1/RT⁠i, respectively. If the reaction model g(α) is known, the
corresponding pre-exponential factor can be calculated for each conver-
sion.

For the commonly used constant heating rate program, the so-called
temperature integral, does not have an analytical solution. There are
a number of integral isoconversional methods that differ in approx-
imations of the temperature integral. We selected the
Kissinger-Akahira-Sunose (KAS) equation [21]:

(6)

This equation is obtained using the Murray and White approxima-
tion [16] or the Coats-Redfern approximation [22] to solve the temper-
ature integral and considering that 2RT⁠i/E⁠α is much lower than 1. Al-
though one could use more complex approximations of the temperature
integral for the sake of better accuracy, the simple Eq. (6) is fairly ade-
quate for the purpose of the current analysis [16].

The values of dynamic kinetic parameters E⁠α and ln[A⁠αR/g(α)E⁠α],
are determined from the slope and intercept at the origin of the plot
ln(β⁠i/T⁠α,i

⁠2) versus T⁠α
⁠−1, respectively. Again, if the reaction model g(α)

is known, the corresponding pre-exponential factor can be calculated
for each conversion. The kinetic parameters of Eqs. (5) and (6) are di-
rectly related, so it is possible to simulate isothermal curing based on
non-isothermal data without knowing g(α) as long as the curing process
is the same in both conditions. In this work, the isothermal reaction
times of stage 2 were simulated until the point of vitrification so that
the reactions could be safely assumed kinetically controlled rather than
diffusion controlled.

In this work, the sequentiality of the dual curing allows studying the
kinetics of each curing stage individually. The kinetics of first curing
stage of TGAPJEF50DDS50 formulation was determined isothermally by
using Eq. (5), but the second curing stage was analysed dynamically by
using Eq. (6), after first stage was completed in isothermal conditions at
90 °C for 180min. In a previous work, it was demonstrated by FTIR and
DSC that TGAPJEFDDS mixtures achieve first stage cure in these condi-
tions [6]. Second stage was studied in isothermal conditions as well, but
the results (not shown here), were not sufficiently precise due to diffi-
culty in detecting the isothermal heat at the start and end of curing. In
these experiments, a significant degree of conversion had already been
reached before the isothermal regime set in. The curing kinetics of neat
TGAPJEF and TGAPDDS formulations were studied dynamically by us-
ing KAS equation.

To determine the reaction model, linear model fitting methods were
used, since isoconversional activation energy was quasi-constant
throughout the conversion range, as commonly observed in single-step
processes [16,23]. On the basis of the integral composite method, that
presupposes one single set of activation parameters for all conversions
and heating rates, the kinetic model of nonisothermal curing was deter-
mined, using Eq. (6) rearranged as:

(7)

Representation of ln(g(α)β⁠i/T⁠2) against –(RT)⁠−1 throughout the whole
conversion range and for all the heating rates should produce a sin-
gle straight line with a slope E equal to the isoconversional activation
energy, if the kinetic model g(α) is right. The preexponential factor A
is determined from the intercept at the origin. Given that the curing
of epoxy-amine systems is autocatalytic, the experimental data was fit-
ted to an autocatalytic kinetic model with n + m=2, where n and m

are the partial orders of reaction [20,24,25]. Eqs. (8) and (9) show
f(α) and g(α) functions, respectively, for the autocatalytic kinetic model
used. Eq. (9) can be obtained by direct integration of Eq. (8) rearranged
with n+m=2 (the kinetic model used in this work). g(α) can also be
written in terms of n by replacing m by 2-n in:

(8)

(9)

Details of the model fitting methodology used can be found in a pre-
vious work [20].

Although there are more complex autocatalytic models used to de-
scribe the curing of epoxy-amine or epoxy-anhydride systems especially
when diffusion control takes effect [26–30], the model described in Eqs.
(8) and (9) satisfactorily affords an average value of the pre-exponential
factor and the rate constant.

A similar methodology was used for the determination of the kinetic
model from isothermal curing experiments. Rearrangement of Eq. (5)
leads to the following Eq. (10):

(10)

Representation of ln(t/g(α)) against (RT)⁠−1 throughout the whole
conversion range and for all the isothermal temperatures should pro-
duce a single straight line with a slope E equal to the isoconversional ac-
tivation energy, if the kinetic model g(α) is right. It should be mentioned
that all the data points should be compiled in four groups corresponding
to the four curing temperatures used.

3.2. Construction of TTT diagram

In this work we use a simple methodology to build TTT diagrams us-
ing only calorimetric data obtained by DSC and TMA tests (or other al-
ternative gelation determination methods) with only a few experiments,
following a similar procedure reported previously [13]. The minimum
experiments required are:

(1) Four isothermal curing experiments in DSC to determine the kinet-
ics and draw the isoconverional lines (including gelation). Depend-
ing on the quality of data, non-isothermal experiments can be more
suitable.

(2) An isothermal curing in TMA to obtain the gelation time, t⁠gel. Us-
ing t⁠gel and the conversion-time curve obtained previously by DSC,
α⁠gel is estimated. Determination of gel point can be performed with
other techniques, such as the solubility test. If the curing process is
an ideal random step-wise reaction, α⁠gel can be determined theoret-
ically using the Flory-Stockmayer equation, given the composition
and the functionalities of the monomers.

(3) A dynamic curing and postcuring in DSC to obtain T⁠go, T⁠g∞, ΔC⁠po,
and ΔC⁠p∞ which would then be used to obtain the T⁠g-α relation-
ship by using Dibenedetto equation. Vitrification line is drawn us-
ing the T⁠g-α relationship and by extrapolating isoconversional lines
up to T⁠g=T⁠c. T⁠g-α relationship can be verified experimentally from
partial curing experiments, and vitrification times extrapolated this
way can be compared with those determined using techniques such
as TMDSC.

With regard to dual curing systems, a double set of curing experi-
ments should be performed in order to establish the kinetics and vitrifi-
cation of the two curing stages [12].
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4. Results and discussion

4.1. Kinetic analysis

4.1.1. Neat TGAPJEF and TGAPDDS formulations
First of all, the kinetics of dynamic curing of the neat formulations

TGAPJEF and TGAPDDS was studied. Although some studies deal with
the curing kinetics of TGAPDDS systems [31,32], there are no published
works on the curing of TGAPJEF. In a previous manuscript, the differ-
ent reactivity of each amine, namely JEF and DDS, was established but
their curing kinetics were not studied [6]. Due to the fact that TGAPDDS
has a very high T⁠g (235 °C) [6], the kinetics was studied dynamically to
avoid the occurrence of vitrification during isothermal curing.

Fig. 3a and b show the DSC traces and conversion-temperature plots
of TGAPJEF and TGAPDDS formulations cured dynamically at different
heating rates. As it is expected, the curves shift to higher temperatures
on increasing the heating rate. It is also clearly observed that formula-
tions containing JEF react at relatively low temperatures, whereas DDS
formulations react at temperatures above 140 °C. The significantly dif-
ferent reactivity of JEF and DDS, more evident at low heating rates,
hints the suitability of a TGAP, JEF and DDS mixture as a dual-curable
system.

An average reaction heat of 524J/g (102kJ/ee) and 629J/g (99kJ/
ee) was detected for TGAPJEFF and TGAPDDS formulations, respec-
tively. The similarity between enthalpies per epoxy equivalent, and
the reported data for other similar epoxy systems as approximately

100kJ/ee [3,33], confirms that both formulations were completely
cured.

From the data shown in Fig. 3b the kinetic of curing was established
using Eq. (6) (isoconversional analysis) and Eqs. (7)–(9) with autocat-
alytic model with n + m =2 (linear model fitting method). Tables 1
and 2 show the results obtained for TGAPJEF and TGAPDDS formula-
tions, respectively.

The activation energy obtained by KAS method of both formulations
remains virtually constant in the 0.2–0.8 conversion range, as is gener-
ally reported in other works [9,12,34]. In general, this result suggests
that the reaction mechanism is the same in this range of conversion and
only a single kinetic model is needed to describe this process. The ac-
tivation energy of TGAPJEF, around 50kJ/mol, decreases slightly with
increasing degree of conversion, following the same trend observed for
DGEBA-JEF formulations [12] or other aliphatic amines [9]. This can
be interpreted in terms of the lower activation energy of hydroxyl-cat-
alyzed epoxy-amine condensation [35,36], that is, its autocatalytic com-
ponent [37], which increases its contribution as the curing process ad-
vances. It can be observed that the isoconversional activation energy
of TGAPDDS is higher than that of TGAPJEF, in agreement with the
higher curing temperatures observed in Fig. 3. The activation energy of
TGAPDDS is similar to that reported for the curing of DGEBA-DDS [38]
and TGDDM-DDS [27]. The increase in activation energy observed at
the end of the curing process can be related to vitrification taking place
during curing at the lower heating rates because of the high T⁠g of the
TGAPDDS system, as suggested by the end behaviour of the dashed con-
version curves at 1 and 2 °C/min in Fig. 3b and as commonly reported
in the literature [9,39].

Although activation energy reflects the reactivity of the systems
studied, in many reactions it is better to discuss the rate constant (k) or

Fig. 3. DSC thermograms of TGAPJEF (solid lines) and TGAPDSS (dashed lines) at different heating rates, black (1 °C/min), red (2 °C/min), blue (5 °C/min) and green (10 °C/min). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Kinetic parameters determined by isoconversional integral (top) and model fitting analysis (bottom) of the dynamic curing of TGAPJEF.

α E (kJ/mol) (min⁠−1) (min) r⁠a lnA⁠b (min⁠−1) k180ºC⁠c (min⁠−1) ⁠c (min⁠−1)

0.1 51 6.10 −14.82 0.9986 13.96 1.455 0.5054
0.2 52 5.65 −14.38 0.9984 14.02 1.336 0.5013
0.3 52 5.34 −14.08 0.9984 14.05 1.294 0.4573
0.4 52 5.05 −13.79 0.9985 14.03 1.273 0.3919
0.5 52 4.73 −13.47 0.9986 13.95 1.257 0.3143
0.6 51 4.35 −13.08 0.9987 13.82 1.242 0.2325
0.7 50 3.87 −12.58 0.9989 13.59 1.225 0.1528
0.8 49 3.12 −11.80 0.9989 13.14 1.186 0.0810
0.9 45 1.64 −10.24 0.9980 12.08 1.088 0.0254
n m E (kJ/mol) ln A (min⁠−1) r
1.61 0.39 51 13.62 0.9977

a Linear regression coefficient.
b Pre-exponential factor determined by using the isoconversional parameters and the autocatalytic model.
c Rate constant and reaction rate determined at 180 °C by using Arrhenius equation and Eq. (4).
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Table 2
Kinetic parameters determined by isoconversional integral (top) and model fitting analysis (bottom) of the dynamic curing of TGAPDDS.

α E (kJ/mol) (min⁠−1) (min) r⁠a lnA⁠b (min⁠−1) k180ºC⁠c (min⁠−1) ⁠c (min⁠−1)

0.1 69 8.00 −17.02 0.9977 16.57 0.184 0.0508
0.2 68 7.25 −16.26 0.9994 16.23 0.170 0.0551
0.3 67 6.84 −15.84 0.9997 16.08 0.167 0.0540
0.4 67 6.55 −15.55 0.9999 16.01 0.167 0.0494
0.5 67 6.32 −15.31 0.9999 15.98 0.169 0.0423
0.6 67 6.13 −15.12 0.9999 16.00 0.171 0.0333
0.7 67 6.04 −15.04 0.9999 16.15 0.173 0.0236
0.8 69 6.31 −15.34 0.9999 16.72 0.177 0.0139
0.9 85 9.62 −18.85 0.9978 20.64 0.158 0.0046
n m E (kJ/mol) ln A (min⁠−1) r
1.51 0.49 68 16.45 0.9986

a Linear regression coefficient.
b Pre-exponential factor determined by using the isoconversional parameters and the autocatalytic model.
c Rate constant and reaction rate determined at 180 °C by using Arrhenius equation and Eq. (4).

the reaction rate (dα/dt), due to the compensation effect between the
activation energy and the pre-exponential factor [40]. In JEF formula-
tions, they attain values 5–10 times larger than in DDS formulations.
This large difference can be attributed to the different nucleophilic char-
acter of each amine. The weak nucleophilic character of DDS, which is
due to the delocalization by resonance of the nitrogen lone pair of elec-
trons, allows the sequential curing of formulations containing JEF and
DDS, as will be shown later.

The two systems show similar kinetic models as expected since both
processes are epoxy-amine condensations. The linear regression coeffi-
cients and the similarity between isoconversional and model fitted ac-
tivation energies demonstrate the quality of the fitting. Although the
model fitting parameters are similar for both formulations, the auto-
catalytic parameter m is slightly higher when DDS is used. The larger
amount of hydroxyl groups formed during curing of TGAPDDS exert a
higher catalytic effect, once the reaction starts. It must be taken into ac-
count that DDS and JEF have hydrogen amine equivalents of 62.1g/eH
and 100g/eH, respectively. Moreover, the polyether structures of JEF
tend to form unreactive complexes that decrease the autocatalytic be-
haviour of TGAPJEF formulation [41].

4.1.2. TGAPJEF50DDS50 dual formulation
First of all the dynamic curing of TGAPJEF50DDS50 formulation was

studied and compared with that of TGAPJEF and TGAPDDS neat for-
mulations. Fig. 4 shows the sequential character of the curing process
of TGAPJEF50DDS50. Two peaks are observed, the first and second
of which are associated to TGAPJEF condensation and to

Fig. 4. DSC thermograms at 10 °C/min of TGAPJEF (neat), TGAPDSS (neat), TGAPJE-
F50DDS50 (dual) and TGAPJEF50DDS50 after 180min at 90 °C (dual, stage 2).

TGAPDDS condensation, respectively. The conversion-temperature
curve shows that the conversion at each stage practically agrees with the
composition of the formulation. The curing of the TGAPJEF50DDS50
formulation was considered complete since a total reaction heat of
568J/g (100kJ/ee) was released.

With regard to the neat formulations, Fig. 4 shows that stage 1 and
stage 2 of the dual formulation are shifted to lower and higher temper-
atures, respectively. The dilution of DDS in the formulation and the in-
hibiting effect of the polyether structure of JEF on the amine-epoxy nu-
cleophilic addition [6,41] are the culprits of the deceleration of stage 2.
On the contrary, the acceleration observed at stage 1 can be explained
in terms of the decreasing negative impact of polyether structures on re-
activity, in spite of the dilution of amine groups of JEF that would tend
to decrease the curing rate. Furthermore, a slight catalytic contribution
of the increased concentration of tertiary amine groups (coming from
TGAP) cannot be discarded. The catalytic (stage 1) and inhibitive (stage
2) effects observed in TGAPJEF50DDS50, enhance the sequential char-
acter of the formulations, reducing the possible overlap between curing
stages. In a previous work [6], it was demonstrated that the first curing
stage is complete after 180min at 90 °C and no DDS reacts during this
period. Moreover, the intermediate materials obtained after stage 1 ex-
hibited a significant storage stability. Fig. 4 confirms this finding, since
the residual DSC peak after first curing stage is identical with the second
peak in the dual formulation. A reaction heat of 49kJ/ee and of 100kJ/
ee were respectively measured during stage 2 (after stage 1) and dual
curing, indicating that exactly half the epoxy groups react in each stage.

Although the kinetics of dynamic curing of the dual formulation was
studied (results not shown) and used to estimate the isothermal reac-
tion times, due to the slight overlap observed between stages (Fig. 4) it
was decided to study each curing stage separately. Stage 1 was studied
isothermally at 70, 80, 90 and 100 °C for curing times sufficiently long
to ensure completion of stage 1, and without triggering stage 2. Fig. 5
shows the conversion and calorimetric curves corresponding to stage 1
of TGAPJEF50DDS50 at different temperatures. The evolution of these
curves with temperature follows the expected trends, shifting to longer
times on increasing the temperature. The rate curves show the expected
autocatalytic character for an epoxy-amine formulation. An average re-
action heat of 47kJ/ee was detected during isothermal curing, indica-
tive again that stage 1 is practically complete, leaving stage 2 intact.

The kinetics of isothermal curing of stage 1 was studied by using
isoconversional and model fitting analysis (Eqs. (5), (8), (9) and (10))
and Table 3 shows the results obtained. Activation energy is practically
constant throughout the curing and similar to that obtained by model
fitting. These results, along with the values of the regression coeffi
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Fig. 5. DSC traces and conversions for the stage 1 process of TGAPJEF50DDS50 isother-
mally cured at different temperatures.

Table 3
Kinetic parameters determined by isoconversional integral (top) and model fitting analysis
(bottom) of stage 1 isothermal curing of TGAPJEF50DDS50.

α
E (kJ/
mol) (min) r⁠a

lnA⁠b

(min⁠−1)
k180ºC⁠c

(min⁠−1)

⁠c

(min⁠−1)

0.1 53 −17.01 0.9983 15.70 4.77 2.169
0.2 56 −17.37 0.9987 16.65 4.92 2.630
0.3 57 −17.29 0.9986 16.97 6.26 2.475
0.4 58 −17.10 0.9984 17.11 6.36 2.058
0.5 58 −16.85 0.9978 17.16 6.32 1.581
0.6 58 −16.53 0.9972 17.13 6.20 1.104
0.7 57 −16.10 0.9965 17.03 6.02 0.677
0.8 57 −15.56 0.9964 16.89 5.98 0.345
0.9 56 −14.80 0.9973 16.73 6.48 0.115
n m E (kJ/mol) ln A

(min⁠−1)
r

1.74 0.26 57 16.87 0.9951

a Linear regression coefficient.
b Pre-exponential factor determined by using the isoconversional parameters and the

autocatalytic model.
c Rate constant and reaction rate determined at 180 °C by using Arrhenius equation and

Eq. (4).

cients confirm the reliability of the methodology used and of the ki-
netic parameters. It is observed that activation energies of stage 1
(Table 3) are slightly higher than that of neat TGAPJEF (Table 1).
However, the comparison of k or dα/dt of Tables 1 and 3 unambigu

Fig. 6. DSC traces and conversions for the stage 2 (after stage 1 curing at 90°C for
180min) of TGAPJEF50DDS50 dynamically cured at different heating rates.

ously show the strong acceleration of stage 1 of the dual formulation in
contrast to the neat formulation.

The curing kinetics of stage 2 were analyzed after isothermal cur-
ing of fresh formulations at 90 °C for 180min. In Fig. 5 it was already
demonstrated that this preliminary curing process produced complete
conversion of stage 1 and did not affect stage 2 [6]. Although curing
stage 2 was also studied isothermally at 150–180 °C with reasonable
results (not shown), it was decided not to use the data for the kinet-
ics analysis due to the uncertainty caused by the incomplete detection
of the reaction heat due to loss of heat during the settling time of the
equipment and at long curing times where the heat flow may fall below
the sensitivity range of the device [16]. Instead, the kinetics of stage 2
were analyzed from dynamic experiments, and the results of the analy-
sis are shown in Fig. 6.

The dynamical kinetic parameters associated to stage 2, determined
by using Eqs. (6), (7), (8) and (9) are collected in Table 4. Activation
energy values and kinetic model are similar to those obtained for neat
TGAPDDS formulation (Table 2) and do not reflect the inhibitive effect
of the TGAPJEF network formed during stage 1, shown in Fig. 4. Again,
this effect is evidenced by comparing the values of k and dα/dt of stage
2 of dual TGAPJEF50DDS50 (Table 4) and neat TGAPDDS (Table 2) for-
mulations. It is clearly observed that the values of neat TGAPDDS are
2–3 times higher than those of TGAPJEF50DDS50 (Stage 2). To summa-
rize, and considering all the curing reactions studied, the kinetic para-
meters k and dα/dt allow establishing the following order of reactivity:
TGAPDDS dual (stage 2) < neat TGAPDDS << neat TGAPJEF<TGAP-
JEF dual (stage 1).

Table 4
Kinetic parameters determined by isoconversional integral and model fitting analysis of dynamic stage 2 curing of TGAPJEF50DDS50.

α E (kJ/mol) (min⁠−1) (min) r⁠a lnA⁠b (min⁠−1) k180ºC⁠c (min⁠−1) ⁠c (min⁠−1)

0.1 61 5.00 −13.89 0.9975 13.21 0.058 0.0166
0.2 63 5.06 −13.99 0.9990 13.77 0.061 0.0203
0.3 64 5.06 −14.02 0.9995 14.10 0.060 0.0198
0.4 65 5.10 −14.07 0.9997 14.40 0.059 0.0176
0.5 67 5.19 −14.18 0.9997 14.74 0.058 0.0145
0.6 69 5.42 −14.44 0.9998 15.23 0.057 0.0109
0.7 71 5.87 −14.93 0.9998 15.98 0.055 0.0074
0.8 76 6.66 −15.78 0.9999 17.13 0.054 0.0041
0.9 82 7.80 −17.00 0.9998 18.81 0.056 0.0016
n m E (kJ/mol) ln A (min⁠−1) r
1-568 0.432 67 14.99 0.9934

a Linear regression coefficient.
b Pre-exponential factor determined by using the isoconversional parameters and the autocatalytic model.
c Rate constant and reaction rate determined at 180 °C by using Arrhenius equation and Eq. (4).
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4.2. Gelation

Prior to building the TTT diagram, gelation and T⁠g-α relationship
(vitrification), were established. As explained previously, conversions
and gelation times were determined by means of isothermal TMA and
DSC tests and Table 5 collects the results obtained.

It is generally accepted that gelation occurs at a fixed conversion
value which is independent of the curing temperature and depends on
the functionality, reactivity, and stoichiometry of the reactive species.
Table 5 shows that gelation of TGAPJEF50DDS50 takes place during
stage 1 and is an isoconversional phenomenon, with an average ab-
solute α⁠gel of 0.425. Solubility tests in dichloromethane gave similar re-
sults, so the gel line will be drawn on the TTT diagram as the isoconver-
sional line at 0.425, obtained in a similar way to the kinetic parameters
of the Table 3. The kinetic parameters of the gel line were, E=57kJ/
mol and ln[g(α)/A]=−15.23min. By using Flory-Stockmayer equation
[14] a theoretical conversion at gel point of 0.289, significantly smaller
than the experimental one, was obtained. This result, observed in many
epoxy-amine formulations, can be explained in terms of intramolecular
cycling, that reduces the effective functionality of the system, increas-
ing the experimental α⁠gel [42]. Flexible amines, such as the JEF used in
this work, most likely favour intramolecular loop formation. Gel time
increases with decreasing cure temperature and their values agree with
the isoconversional line at 0.425.

Gelation of neat TGAPDDS system was determined using a similar
methodology but only at 180 °C. The absolute conversion at gelation α⁠gel
was found to be 0.535 [6].

4.3. T⁠g-α relationship

The experimental T⁠g-α relationship of the two stages were estab-
lished by means of a dynamic postcuring at 10 °C/min of samples par-
tially cured for different durations at 90 °C (stage 1) and 180 °C (stage
2). Fig. 7 shows the residual DSC traces of samples partially cured at
90 °C (stage 1). As can be seen, T⁠g increases and the residual heat de-
creases on increasing the curing time. The first peak disappears com-
pletely at 180min and the second peak, associated at TGAPDDS conden-
sation, remains constant, indicating than DDS did not react during stage
1. During stage 2 at 180 °C, the decreasing of the second exotherm and
the increasing of T⁠g was observed (not shown). The peak associated to
stage 1 is not observed during stage 2 (see Fig. 4) since it had disap-
peared completely after stage 1.

There are various theoretical models of the effect of the degree of
crosslinking on the T⁠g. A widely accepted model was proposed by Nilsen
and DiBenedetto, which was later adapted by Pascault and Williams
[43–45]:

Table 5
Experimental gelation data obtained by isothermal DSC/TMA combined assays of TGAP-
JEF50DDS50 formulation.

T (ºC) α⁠gel
⁠a α⁠gel

⁠b t⁠gel (min)

70 0.85 0.425 100
80 0.84 0.420 54
90 0.85 0.425 33
100 0.86 0.430 22

a Relative conversion (stage 1).
b Absolute conversion (total curing).

Fig. 7. Experimental determination of the T⁠g-α relationship for the first curing stage of
stage 1 of TGAPJEF50DDS50 formulation.

(11)

where T⁠go, T⁠g∞, ΔC⁠po, and ΔC⁠p∞ are the glass transition temperatures and
the increases in heat capacity during glass transition of uncrosslinked
(o) and crosslinked (∞) thermosets and λ is the quotient of segment
mobilities, that can be considered an adjustable parameter between 0
and 1 or the quotient between ΔC⁠p∞ and ΔC⁠po [45]. In this work it was
taken λ=ΔC⁠p∞/ΔC⁠po [13] and the theoretical T⁠g-α relationship was rep-
resented by using Eq. (11) and the experimental parameters collected in
Table 6 for each stage. Taking into account that the intermediate mater-
ial refers to the material just after stage 1 (or equivalently, the material
just before stage 2), T⁠g1-α (stage 1) was determined using of T⁠go, T⁠gint,
ΔC⁠po, and ΔC⁠pint and T⁠g2-α (stage 2) using T⁠gint, T⁠gint, T⁠g∞ and ΔC⁠p∞. Con-
version α is taken as the absolute conversion and varies between 0 and
0.5 and between 0.5 and 1 during stage 1 and stage 2, respectively.

The higher value of λ⁠1 indicates that there is less croslinking in stage
1 than in stage 2, which is consistent with the fact that gelation takes
place at the end of stage 1 at the absolute conversion of 0.425 (relative
conversion of 0.85) and with fact of TGAPDDS network has higher con-
centration of crosslinking points than TGAPJEF network [6].

Fig. 8 shows the curves T⁠g against absolute conversion obtained ex-
perimentally and theoretically for both curing process and how exper-
imental data fit well with theoretical data. As a consequence, Eq. (11)
that only requires values of T⁠g and ΔC⁠p, before and after curing, to be
applied, it will be used to predict the vitrification conversion at each
curing temperature.

The T⁠g-α relationship of neat TGAPDDS formulation was also deter-
mined using the simplified method given by Eq. (11) and the following

Table 6
Parameters for the determination of the T⁠g-α relationship of TGAPJEF50DDS50 formula-
tion using theoretical expression Eq. (11).

T⁠g (ºC) ΔC⁠p (kJ/kg·K)

Unreacted material (0) −35 0.67
Intermediate material (int) 27 0.45
Final material (∞) 120 0.22

Stage 1 Stage 2

λ 0.67 0.49
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Fig. 8. T⁠g-α relationship for the curing process of TGAPJEF50DDS50 formulation deter-
mined experimentally and theoretically by using Eq. (11).

experimental data reported in a previous work [6]: T⁠g0=-16 °C,
ΔC⁠p0 =0.430J/g·K, T⁠g∞ =235°C and ΔC⁠p∞ =0.1J/g·K

4.4. Time-temperature-transformation (TTT) diagram

The TTT diagram for the TGAPJEF50DDS50 formulation was built
using the experimental data determined previously, following the gen-
eral methodology described in Section 3.2. In more specific terms:

(1) The isoconversional lines were traced in the TTT diagram using
Eq. (5) and isothermal kinetic parameters (Table 3) for stage 1 and
non-isothermal kinetic parameters for stage 2 (Table 4) obtained at
different conversions. Note that plotting of the isoconversional lines
until the vitrification line implies a significant extrapolation beyond
the experimental range of the kinetic analysis, so inaccurate kinetic
data can lead to the crossing of the isoconversional lines near vitri-
fication. For this reason, as it was explained previously, isothermal
kinetic data was not used in stage 2. Tables 3 and 4 show relative
conversion at each stage, but for the sake of clarity, absolute con-
version was used in the TTT diagram. Absolute conversions were
calculated as 0.5·α at stage 1 and 0.5+0.5·α at stage 2, assuming
that stage 1 is completed before stage 2 starts.

(2) T⁠g0 T⁠gint, T⁠g∞, ΔC⁠p0, ΔC⁠pint and ΔC⁠p∞ were determined by heating ini-
tial, intermediate and fully cured samples at 10 °C/min in DSC

(3) Gelation line were drawn using Eq. (5) applied to the absolute av-
erage conversion of 0.425 (α⁠gel) determined using TMA and DSC
(Table 5). The extrapolation is performed by first inserting
E=57kJ/mol and ln[g(α)/A]=-15.23min, which were determined
by the isoconversional method for α=0.425, in Eq. (5). Using this
equation, the isoconversional line is drawn for the temperature
ranging from 200 °C to 14.1 °C, the latter of which is the T⁠g that cor-
responds to a conversion of 0.425. This T⁠g is to be calculated from
The DiBenedetto T⁠g-α relation (i.e. Eq. (11), stage 1).

(4) Assuming that the isoconversional lines are valid until vitrification
is reached (at which time the reaction shifts from a chemically con-
trolled to a diffusion control regime), vitrification time was taken
as the time to reach the conversion (isoconversional line) at which
T⁠g is equal to the curing temperature, T⁠c. The values of T⁠g at each
conversion were estimated from data given in Table 6 and T⁠g-α rela-
tionship given by Eq. (11), that agrees the experimental values (see
Fig. 8). The vitrification lines were finally determined joining the
end points of the isoconversional lines at T⁠g=T⁠c.

(5) Since gelation is an isoconversional phenomenon, ⁠gelT⁠g, was deter-
mined as the temperature at which the material vitrifies with a
conversion equal to α⁠gel =0.425. The time needed for the material
to gel and vitrify simultaneously was determined by extrapolating

the isoconversional line of α⁠gel up a curing temperature equal to ⁠gelT⁠g.

Fig. 9 plots de TTT diagram corresponding to the curing of TGAP-
JEF50DDS50 formulation constructed using the methodology explained.
In order to validate the methodology, TTT diagram also features some
experimental data.

TTT diagram shows clearly that there are two sets of isoconversional
lines corresponding to the first and second curing stages, which are in-
dependent from each other throughout the complete range of temper-
atures shown. The wide separation between the right-most isoconver-
sional line of stage 1 and the left-most line of stage 2 indicates that
there should be no overlapping between stages at any heating rate,
as suggested also by Fig. 4. This is of highly practical importance for
multi-stage applications, i.e. B-staging. In this dual curing systems the
curing process slows down and virtually stops when the first curing re-
action is over, therefore making it easy to control the degree of cure
and therefore the structure and properties of the intermediate mater-
ial, which can be stored or manipulated safely before the final appli-
cation. The suitability of the kinetic methodology used is validated by
the agreement between experimental data and the isoconversional lines
drawn, including the gelation line. Only isothermal curing data from
stage 2 shows a slightly worse adjustment. As was already mentioned,
non-isothermal curing data were used instead for the determination of
the isoconversional lines of stage 2.

The existence of two curing stages with different kinetics and struc-
ture build-up (T⁠g-α relationship) is also evidenced by the shape of the
vitrification line, which is composed of two S-shape curves joining at
T⁠gint. This feature was observed in a previous work [12] for a dual
system consisting of a self-limiting epoxy-amine polycondensation at a
moderately elevated temperature followed by anionic epoxy homopoly-
merization initiated by a latent base. Observing the TTT diagram and in
accordance with T⁠gint and T⁠g∞ values, it can be stated that vitrification
does not take place in any of the curing stages, within the experimental
range of curing temperatures, and hence vitrification can be disregarded
in the kinetic analysis, from a practical point of view. At temperatures
lower than experimental ones, vitrification can take place only after im-
practically long times. Nevertheless, to validate the methodology used,
a sample was cured below room temperature at 15 °C and an experimen-
tal vitrification time of 4168min was measured by DSC. TTT diagram
shows that this point agrees perfectly with the vitrification line, simulta-
neously confirming the goodness of extrapolation of the isoconversional
lines and of the determination of experimental vitrification.

Fig. 9. TTT cure diagram of the TGAPJEF50DDS50 formulation. Isothermal experimental
data (stage 1, empty circle) (stage 2, empty squares) (gelation, empty triangle) and (vitri-
fication by TMDSC, solid black triangle) are also shown.
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The storage stability of the intermediate material is another remark-
able feature of this system. This material can be stored almost indef-
initely at temperatures below T⁠gint =27°C (ca. 20–25 °C) since in the
glassy state, the second curing process is unable to start. At 30 °C, the
difference between isoconversional lines α=0.475 (final part stage 1)
and α=0.525 (initial part of stage 2) is in the range of 7 days, once
more indicating a high storage stability at any near-ambient tempera-
ture. In intermediate formulations stored above T⁠gint (e.g. 30–35 °C), cur-
ing would slightly progress, but when the T⁠g reaches storage tempera-
ture, the material would vitrify and thus permit storage for an indefi-
nite period of time. These results strongly agree with those reported in a
previous work [6], where intermediate TGAPJEF50DDS50 formulation
stored at 30 °C experienced a small increase in T⁠g in the first 10 days and
then it was stable for the next two months because it had already vitri-
fied. In addition, the TTT diagram also indicates that the fresh formu-
lation can be safely stored at room temperature at least two days with-
out risk of gelation. Samples stored in a fridge (ca. 5 °C) or freezer (ca.
-18 °C) can be stored for long periods of time since they would vitrify
before gelation takes place (⁠gelT⁠g =14°C).

In order to highlight the main features and benefits of dual cur-
ing formulations, it was decided to build the TTT diagram of a con-
ventional formulation, TGAPDDS, using the same methodology as in
Section 3.2, shown in Fig. 10. The isoconversional kinetic parame-
ters of Table 2 and the following experimental data reported in a
previous work [6]: T⁠g0=-16 °C, ΔC⁠p0 =0.430J/g·K, T⁠g∞ =235°C and
ΔC⁠p∞ =0.1J/g·K. Since TGAPDDS formulation that has a T⁠g of 235 °C
it can vitrify in a wide range of practical curing temperatures. Experi-
mental vitrification times at several curing temperatures determined by
TMDSC were also included. As can be seen, the vitrification times ob-
tained by extrapolation of the isoconversional lines at T⁠g=T⁠c (i.e. curing
temperature) agree well to those obtained isothermally by TMDSC.

When Fig. 9 is compared to Fig. 10, remarkable differences between
dual curing and conventional curing systems are revealed, in terms of
processability and flexibility. As has been mentioned before, the exis-
tence of two different reactions with different kinetics and intermediate
stability in the dual curing system (Fig. 9) makes them especially suit-
able for multi-stage applications such as B-staging. In contrast, in the
conventional system TGAPDDS (Fig. 10) there is a single set of isocon-
versional lines that are very close to each other and the vitrification
line has the common S-shape. TGAPDDS would require a careful con-
trol of time-temperature during first stage processing in order to avoid
an excessive degree of cure, which could render the component unus-
able. In addition, control of the extent of cure by vitrification might be
unsuitable depending on the desired intermediate conversion. In con-
trast, such limitation could be easily overcome in the dual curing sys

Fig. 10. TTT cure diagram of the TGAPJEFDDS formulation. Experimental vitrification
times obtained by TMDSC (circles) are also shown.

tem TGAPJEF50DDS50. This kinetic control and the possibility of ad-
justing the extent of cure and therefore the intermediate properties just
by changing the structure and feed ratio of the monomers make dual
curing systems highly flexible and particularly suitable for multi-stage
applications. Other applications such as the processing of composites
by resin transfer molding (RTM) can also benefit from the use of dual
curing systems because their intrinsic staged curing behaviour makes it
easier to control temperature and conversion profiles during processing
[46].

Some comments can be made with regards to the methodology em-
ployed to determine the TTT diagram. The methodology to analyze the
curing kinetics, predict isoconversional lines and determine gel point
conversion is well established and reliable and deserves no specific dis-
cussion. However, a significant extrapolation is made outside the exper-
imental temperature range, and this is always a source of error. In addi-
tion, there is significant uncertainty in the determination of the vitrifi-
cation line. Vitrification is a transition rather than a point-like event and
it can also have a significant effect on curing kinetics, both of which are
disregarded in the present methodology, based on the extrapolation of
the isoconversional line up to T⁠g=T⁠c.

The vitrification time, t⁠v, can be determined as the point where the
T⁠g=T⁠c [29] by conventional DSC using the so-called method of par-
tial curing, where the samples are cured separately for different dura-
tions, and then submitted to a DSC analysis in order to determine the
T⁠g and the conversion. This method is accurate but requires a lot of
experiments for each t⁠v. Other methodologies entail curing the sample
by techniques sensitive to vitrification, such as Torsional Braid Analy-
sis [47], Dynamic Mechanical Analysis [48] or Rheometry [49]. In this
case, the t⁠v is determined directly as the time needed to reach a maxi-
mum value of signal at a given curing temperature. A drawback of such
techniques is the determination of the vitrification conversion for which
the experiment should be stopped, the sample inserted in a hermetically
sealed DSC pan and a postcuring performed. During this prep time, the
curing continues and the conversion increases. Vitrification conversion
can be determined directly by t⁠v and conversion-time curve obtained by
isothermal DSC, but inaccuracies can arise due to the different temper-
ature control of the different equipments. Hyphenated techniques such
as RheoDSC device aims [8] to solve this problem, but the design of the
equipment is complex [50].

In this work we chose to use TMDSC for the experimental deter-
mination of vitrification (see Fig. 1), using a modulation period suffi-
ciently high so as to make t⁠v quasi-independent from the modulation
period [51]. Because the reaction heat flow is being measured during
the experiment, uncertainty in the determination of t⁠v is highly reduced.
The values of the t⁠v obtained by the traditional method of partial curing
agree well with those obtained by the variation in complex heat capac-
ity obtained by TMDSC [29]. Alternatively, a relatively new modulated
DSC technique, TOPEM, allows to determine the so-called quasi-static
heat capacity, which yields a vitrification time independent of the pe-
riod [32,51]. However, a significant problem inherent to the determi-
nation of vitrification is the definition of t⁠v. By means of TMDSC three
different t⁠v can be defined, the extrapolated onset t⁠v,0, the extrapolated
midpoint t⁠v,mp and the extrapolated endset t⁠v,end (see Fig. 1). The choice
of which t⁠v to include in the analysis is arbitrary since each shows a dif-
ferent moment of vitrification. However, it was found in this work that
there was an excellent agreement between the experimental t⁠v,end deter-
mined with TMDSC and the determination of the vitrification line by
extrapolation of isoconversional curves up to T⁠g= T⁠c at each conversion.
This method has been found to be simple and reproducible as it offers
good results for both TGAPJEF50DDS50 (Fig. 9) and TGAPDDS (Fig.
10). If t⁠v,mp had been used, the experimental vitrification curve would
have the same shape but slightly displaced towards shorter times.
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In summary, the TTT diagram is a powerful tool to select and opti-
mize processing temperatures and to eliminate the risk of pre-curing or
under-curing of components. This is made evident in dual formulations,
TTT-diagram allows establishing optimal curing conditions to achieve
sequentiality and storage stability of intermediate materials. It is also
demonstrated that simple methodologies, based on a reduced set of ex-
perimental measurements, can be confidently used to build TTT dia-
grams with practical application.

5. Conclusions

The curing kinetics, the gelation and the vitrification of a dual-cur-
able epoxy thermoset based on two sequential epoxy-amine conden-
sations has been studied, and the results have been used to build a
time-temperature-transformation (TTT) cure diagram. This has been
compared with the TTT diagram of a conventional curing system and
the differences have been discussed.

The different reactivity of each curing stage due to the different nu-
cleophilicities of the amines was confirmed in the kinetics analysis. The
interaction between the curing stages leads to an acceleration of the first
curing stage (TGAP-JEF condensation) and a deceleration of the second
curing stage (TGAP-DDS). This interaction helps achieve a higher sep-
aration between the range of temperatures of each curing stage, con-
sequently allowing better sequentiality of the dual curing. In general,
the isoconversional activation energies agree with the observed kinetics,
whereas in some systems with similar activation energies, the kinetics
are better represented by the rate constant or the reaction rates, both
estimated by the kinetic model assumed.

The methodology used for the construction of TTT diagram involves
only a few experiments. Despite the fact that some data are obtained by
extrapolation of the kinetic adjustments, the gelation and vitrification
lines agree well with experimental results. The robustness of the isocon-
versional kinetic parameters, obtained without the necessity of mech-
anistic hypotheses, also contributed to the success of the analysis. The
methodology is generally applicable and can be used for the curing of
other thermoset systems.

The TTT diagram summarizes, in a graphical and concise way, the
main features of curing, with particular appeal for dual-curing systems.
The long storage stability of the intermediate material at room temper-
ature, confirmed with experiments, is well represented. This stability is
controlled by the low reactivity of the aromatic amine and by the vit-
rifitication of intermediate material which prevents the initiation of the
second curing stage. TTT diagram is a guide to select optimal temper-
atures and times of curing to control the curing sequence well. It al-
lows selection of safe storage times and temperatures for uncured and
intermediate samples. A good temporal separation between the two cur-
ing stages leads to quasi-independent reaction processes, thus a care-
ful selection of temperatures would allow perfect sequentiality of the
dual-curing. Finally, the TTT diagram exhibits two S-shaped vitrification
curves that reflect the different network build-up characteristics and ki-
netics of each curing stage.

Differences between the TTT diagram of dual and conventional cur-
ing systems serve to highlight the enhanced features of dual curing sys-
tems in terms of processing ability and flexibility. Multi-stage applica-
tions or composite processing can strongly benefit from the use of dual
curing systems.
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