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ABSTRACT: Mixtures of diglycidylether of bisphenol A
(DGEBA) with different proportions of g-caprolactone
(g-CL) were cured with ytterbium triflate as initiator. The
curing was studied with differential scanning calorimetry
(DSC) and thermo mechanical analysis (TMA). The results
are presented in the form of a time–temperature–transfor-
mation diagram. The kinetic analysis was performed by
means of the isoconversional integral procedure and the
kinetic model was also determined using the Coats–Redfern
method. Gelation was determined by means of combined
experiences of DSC and TMA. The relationship between the
glass transition temperature (Tg) and the degree of conver-

sion a was determined by DSC. Using the isoconversional
lines and the Tg-a relationship, the vitrificacion curve was
obtained. The methodology developed makes it possible to
obtain the TTT diagram using only no-isothermal experi-
ments with equivalent results to those using classical iso-
thermal procedures. The addition of g-CL accelerates the
curing and reduces the shrinkage after gelation and conse-
quently the internal stresses in the material. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 104: 3406–3416, 2007
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INTRODUCTION

In the first part of this study,1 we characterized new
thermosetting materials obtained by means of
copolymerization of diglycidylether of bisphenol A
(DGEBA) with g-CL using ytterbium triflate as the
curing initiator. This methodology made it possible
to insert ester groups and aliphatic chains into the
polymer network. The aim of the insertion of these
groups was to address some of the problems that
arise in the applications of conventional epoxy res-
ins, such as contraction during the curing process
and low degradability at the end of their useful life.
In particular, we showed that the addition of g-CL
reduces contraction after gelation and that the

materials obtained in this way are more flexible and
more thermally degradable than cationic crosslinked
DGEBA.

Ring-opening polymerization of heterocyclic
expanding monomers without the formation of small
molecules as a by-product can lead to materials that
shrink little or even expand and insert weak bonds
in the network.1–9 Spiroorthoesters (SOEs) are bicy-
clic compounds that are commonly used as expand-
ing monomers and can be synthesized from lactones
and epoxides under Lewis acid catalysis.10,11 The use
of five-member lactones, which are unable to homo-
polymerize for thermodynamic reasons, ensures the
formation of an intermediate SOE.4,12 As we have
seen in previous studies,1,5,6,13–15 where different ep-
oxy monomers were copolymerized with lactones
with distinct structures, the polymerization of the
SOE formed at the end of the curing process is the
process that is responsible for the lower contraction
after gelation. In these works, we also identified the
following reactive processes that occur during
the curing process: (a) homopolymerization of the
DGEBA, (b) reaction between the DGEBA and the
lactone giving rise to formation of the SOE,
(c) DGEBA/SOE copolymerization, and (d) homopoly-
merization of the SOE. The impact of these reactions
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will depend on the composition of the mixture and
on the kinetics of each of these processes. The
schemes for these reaction processes for the
DGEBA/g-CL system studied are shown in the first
part of this work.1

The complexity of the DGEBA/lactone reaction
process makes it difficult to characterize the curing
of these systems completely. As already mentioned,
there are different chemical reactions with differing
kinetics, and different physical processes also take
place in curing (gelation and vitrification) that can
affect not only the curing process but also the physi-
cal properties of the material.

Gelation is an isoconversional effect that corre-
sponds to the formation of the first insoluble fraction
of polymer of infinite molecular weight. From the
standpoint of processing, gelation represents the
point after which the material can no longer be proc-
essed and contraction gives rise to internal stresses
in the gelled material. Gelation does not involve any
change in the curing kinetics, so it cannot be deter-
mined directly by calorimetry. It must therefore be
determined by means of techniques that measure
changes in mechanical and/or viscoelastic proper-
ties, or through testing of loss of solubility.16 In this
study, we present a nonisothermal methodology that
combines TMA and DSC testing to determine gela-
tion with results equivalent to testing of loss of
solubility.

Vitrification is understood as the change from the
liquid or rubbery state to the glassy state due to an
increase in both the crosslinking density and the mo-
lecular weight of the material during the curing pro-
cess. This transformation occurs when the Tg of the
material coincides with the curing temperature. In
this study, we determine vitrification on the basis of
the Tg-a relationship of the system and the isocon-
versional kinetic data. The methodology used is a
fast and reliable alternative to conventional determi-
nation of vitrification by means of different techni-
ques, such as DSC,17 alternating DSC,18 torsional
braid analysis,19 and dynamic mechanical thermal
analysis.20

The different states that the material can pass
through during the curing process can be repre-
sented in time–temperature–transformation (TTT)
diagrams.21 The TTT diagram is unique to the curing
of each thermoset system and allows us to determine
the optimum conditions for curing and make a tenta-
tive prediction of the final properties of the material.
Construction of this diagram requires knowledge of
the curing kinetics, and of when and how the mate-
rial gels and vitrifies.

This work had two aims: first, we wished to gain
detailed knowledge of the complex curing of the
DGEBA/g-CL systems. To do so we established the
curing kinetics by means of an integral isoconver-
sional methodology and determined gelation and
vitrification as set out above. The results will be pre-
sented, for some of the systems studied, in the form
of a TTT diagram. Special emphasis will be placed
on the influence of the amount of g-CL on the curing
kinetics and on the gelation of the material, as well
as the potential influence of gelation on contraction.
Second, we wished to establish a simple methodol-
ogy for determining TTT diagrams that can be
applied to any thermoset system.

EXPERIMENTAL

Materials

DGEBA, Epitoke Resin 828 from Shell Chemicals
(epoxy equivalent ¼ 187 g/eq), was used as re-
ceived. g-Caprolactone (g-CL), (molecular mass
¼ 114.14 g/mol, 98%) (Aldrich) and ytterbium (III)
trifluoromethanesulfonate (99.99%) (Aldrich) were
used as received.

Table I shows the various formulations that were
used, their notation, and the proportions of the dif-
ferent reactants.

Preparation of the curing mixtures

Samples were prepared by adding to the corre-
sponding mixtures of g-CL and DGEBA 3 phr of

TABLE I
Formulations and Heat of Polymerization of the Systems Studied

Formulationsa Notation Eq. initiator/eq. epoxide Eq. initiator/eq. total g-CL (%, w/w) Dhb (J/g) Dhc (kJ/ee)

DGEBA/g-CL 1 : 0 1 : 0 0.0271 0.0271 0 525 101
DGEBA/g-CL 3 : 1 3 : 1 0.0299 0.0256 8.1 438 93
DGEBA/g-CL 2 : 1 2 : 1 0.0313 0.0250 10.5 417 93
DGEBA/g-CL 1 : 1 1 : 1 0.0354 0.0236 15.9 387 97
DGEBA/g-CL 1 : 2 1 : 2 0.0437 0.0218 37.9 308 96

a The composition of the formulation are given in molar ratios, and 3 phr of ytterbium triflate as initiator was used in
all cases.

b Enthalpies per gram of mixture.
c Enthalpies per equivalent of epoxy group.
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ytterbium triflate (3 part per 100 parts of mixture,
w/w). Samples were carefully stirred and kept at
�208C before use to prevent polymerization.

DSC calorimetry

Calorimetric analyses were carried out on a Mettler
DSC-822e calorimeter with a TSO801RO robotic arm.
Samples of approximately 10 mg in weight were
cured in aluminum pans in a nitrogen atmosphere.
Nonisothermal experiments were performed be-
tween 0 and 2258C at heating rates of 2, 5, 10, and
158C/min to determine the reaction heat. In the non-
isothermal curing process, the degree of conversion
at a given temperature T was calculated as the quo-
tient between the heat released up to T and the total
reaction heat associated with complete conversion of
all reactive groups. In a similar way, the reaction
rate, da/dt, at a given temperature can be expressed
as the quotient between the calorimetric signal at a
temperature T and the total heat of reaction.

Isothermal curing was carried out for different
times at temperature of 1408C. After curing, the sam-
ple was cooled and by means of a dynamic scan at
108C/min, the residual heats were determined. With
isothermal curing the degree of conversion was cal-
culated on the basis of residual heat taking into
account the total reaction heat.

To establish the relations Tg-a we performed a
series of nonisothermal scans from 208C to several
temperatures, below 2258C, at a heating rate of
108C/min. Then, the samples were immediately
quenched and a second scan from �100 to 2258C at
a heating rate of 108C/min was registered to deter-
mine the Tg value and the residual heat. The degree
of conversion was determined in a similar way that
isothermal curing. The Tg was measured as the half-
way point of the jump in the heat capacity when the
material changed from the glassy to the rubbery
state (DCp ¼ Cp(r) � Cp(g)). DCp was also measured in
materials uncured and completely cured.

Thermomechanical analysis (TMA)

Thermal mechanical analysis was carried out in a
nitrogen atmosphere using a Mettler TMA40 thermo-
mechanical analyzer. The samples were supported
by two small circular ceramic plates and silanized
glass fibers, which were impregnated with the sam-
ple. Nonisothermal experiments were performed
between 40 and 2258C at heating rate of 58C/min
applying a periodic force that changed (cycle time
¼ 12 s) from 0.0025 to 0.01N. When the material
reached sufficient mechanical stability (gelation) the
TMA measuring probe deforms less to the sample
and the amplitude of the oscillations is reduced. The
gel point was taken in TMA as the temperature at

which sudden decrease in the amplitude of oscilla-
tions was observed. The gel conversion, agel, was
determined as the DSC conversion at the tempera-
ture of the material gelled in TMA in a nonisother-
mal experiment.

KINETIC ANALYSIS

Isoconversional methodology assumes that, at a
given degree of conversion, the reaction mechanism
does not depend on the heating rate in nonisother-
mal experiments and or on the temperature of reac-
tion in isothermal experiments.22

Accepting that da/dt depends on the temperature
and the advance of the reaction and that the depend-
ence of the rate constant on the temperature follows
Arrhenius equation, the kinetic of reaction is usually
described as:

da
dt

¼ kf ðaÞ ¼ A exp � E

RT

8>: 9>;f ðaÞ (1)

where k is the rate constant, A is the pre-exponential
factor, E is the activation energy, R is the universal
gas constant, T is the temperature and f(a) is a func-
tion which depends on the degree of conversion and
represents the kinetic model that governs the
process.

By integrating the rate equation, Eq. (1), under
nonisothermal condition and using the Coats–
Redfern23 approximation to solve the so-called
temperature integral and considering that 2RT/E is
much lower than 1, the Kissinger–Akahira–Sunose
(KAS) equation may be written:24

ln
b
T2

8>: 9>; ¼ ln
AR

gðaÞE
� �

� E

RT
(2)

where b is the heating rate and g(a) is the integral
conversion function.

For each conversion degree, the linear plot of
ln(b/T2) versus 1/T enables E and ln[AR/g(a)E] to be
determined from the slope and the intercept. If the
reaction model, g(a), is known, the corresponding
pre-exponential factor can be calculated for each con-
version. The Flynn–Wall–Ozawa integral method25

was not used because it gives equivalent results to
the KAS method.

Integration of Eq. (1) in isothermal conditions
gives the isoconversional expression:

ln t ¼ ln
gðaÞ
A

� �
þ E

RT
(3)

where t is cure time.
It can be observed how the isothermal constant

ln[g(a)/A] [Eq. (3)] is directly related by R/E for
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every value of a to the constant ln[AR/g(a)E] of the
nonisothermal adjustment [Eq. (2)]. Thus, taking the
nonisothermal data ln[AR/g(a)E] and E from eq. (2),
we can determine the isothermal parameters of Eq. (3)
and simulate isothermal curing without knowing g(a).

Reordering eq. (2) we can write the Coats–Redfern
equation:

ln
gðaÞ
T2

8>: 9>; ¼ ln
AR

bE

� �
� E

RT
(4)

For a given kinetic model, linear plot of ln(g(a)/T2)
versus 1/T permit us to determine E and A from the
slope and the intercept.

In this work, kinetic analysis was performed with
nonisothermal integral isoconversional methods
[eq. (2)]. Isothermal polymerization was simulated
with nonisothermal data applying eq. (3). We selected
the kinetic model that had the best linear correlation
in the Coats–Redfern equation [eq. (4)] and that had
an E value similar to the obtained isconversionally
that was taken as the effective value because was
determined without knowing the kinetic model. Dif-
ferent kinetic models were studied: diffusion (D1, D2,
D3, and D4), Avrami–Erofeev (A3/2, A2, A3, and A4),
power law (P2), phase-boundary-controlled reaction
(R2 and R3), reaction-order n (n ¼ 3, 2, 1.5, and 1
denominated F1) and autocatalytic (n þ m ¼ 2 with
n ¼ 1.5 and n ¼ 1.9).26,27 Although there is no reason
for some of these models to have any physicochemi-
cal meaning in the curing processes, they can still be
used to describe the calorimetric curve. The kinetic
methodology applied in this work has been used
previously in different reactive systems with good

results.26–29 Although it is accepted that the use of dif-
ferential methods leads to more consistent values of
the activation energy than does the use of the integral
methods, we used those because are easy amenable
and it permits us to simulate the curing.29,30

RESULTS AND DISCUSSION

First of all, we analyzed the kinetic methodology
applied to the curing of the pure resin (formulation
1 : 0). This methodology was then applied to the
other formulations, to determine the effect of the g-
CL on the curing kinetics.

Figure 1 shows the calorimetric curves, reaction
rate and conversion (inset) against temperature, for
different heating rates of the 1 : 0 formulation. It can
be observed that with the increase in the heating
rate the curves are shifted to higher temperatures. In
general, a single process is observed with a shoulder
at high temperature. This shape of the curve could
be related to competition between the two mecha-
nisms of cationic polymerization, i.e., ACE (activated
chain end) and AM (activated monomer). As a rule,
the use of large amounts of initiator, as in this case,
would give rise to a greater number of active centers
at the start of the reaction that would favor the AM
mechanism over the ACE mechanism.31 Evidence of
competition between the AM and ACE mechanisms
has already been observed in epoxy and epoxy/lac-
tone systems.13,31–33

Table II shows the kinetic data obtained for the 1 :
0 formulation on the basis of the experimental
curves of Figure 1. It can be observed that the
activation energy rose slightly with the increase in

Figure 1 Rate of reaction of nonisothermal curing for DGEBA/g-CL 1 : 0 formulation at different heating rates (2, 5, 10,
and 158C/min). The inset shows conversion versus the temperature at same heating rates.
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conversion. This rise became more pronounced in
the final phase of curing, coinciding with the appear-
ance of the shoulder in the DSC curves. One possible
explanation for this rise may be found in the deple-
tion of the reactive species, the increase in the vis-
cosity of the reaction medium and the competition
between mechanisms with the increase in conver-
sion. In many reaction processes the variations in E
do not actually reflect kinetic changes, due to the
compensation effect between the activation energy
and the pre-exponential factor.22,27–29,33 To establish
whether or not the curing kinetics were constant or
invariable throughout the curing process, we needed
to determine the kinetic model and then estimate the
pre-exponential factor and the kinetic constant by
means of the Arrhenius equation. The value of the
rate constant, k, is a better reflection of the actual ki-
netic changes, since it includes both the effect of the
activation energy and the pre-exponential factor. In
spite of the slight variations in E, to establish the
overall kinetic model governing the process we used
the Coats–Redfern method between conversions of
0.1 and 0.9. Table III shows the results obtained at
108C/min. Other heating rates gave similar results.
Thanks to the linearization involved in this method,
several models give a good regression. To discrimi-
nate the model correctly, we need to know the true
value of E, which can be taken as the mean of the
value obtained isoconversionally (Table II).26–30,33

For the 1 : 0 formulation (between conversions of 0.1
and 0.9), the mean of E has a value of 74.4 kJ/mol.
R3 was taken as the kinetic model because, with a
good correlation coefficient, it is the one that gives
an E closest to the one obtained isoconversionally
(Table III). The R2 model could also be used to

describe the curing process. Models such as D1, D2,
D3, and D4 were ruled out because E is not close to
the true value, although they do give good correla-
tions. Models with correct values for E (F1, n ¼ 1.5)
were also ruled out, since their correlations are low.

Having established the R3 model on the basis of
the isoconversional parameters, we determined A
and the kinetic constant at a reference temperature
of 1408C (Table II). The very small variation found
in k during the curing process indicates that the ki-
netic changes are of little importance. It was also
observed that the values of E and ln A can be related
to a good correlation by means of an isokinetic rela-
tionship (IKR) with an isokinetic temperature value,

TABLE II
Kinetic Parameters of Nonisothermal Polymerization for Formulation DGEBA/g-CL 1:0 Obtained by Eq. (2)

a Ea (kJ/mol)
ln[AR/g(a)E]a

(K�1 min�1)
ln[g(a)/A]b

(min�1) r2 ln Ac (min�1) k1408C
d (min�1) texp

e (min) tsim
f (min)

0.05 65.9 12.19 �21.17 0.9978 17.09 0.1219 0.15 0.14
0.1 64.6 11.01 �19.97 0.9995 16.60 0.1096 0.32 0.31
0.2 65.9 10.55 �19.53 1.0000 16.90 0.1004 0.71 0.71
0.3 68.8 10.88 �19.90 0.9999 17.71 0.0986 1.10 1.15
0.4 71.1 11.19 �20.24 0.9998 18.39 0.0984 1.45 1.59
0.5 72.7 11.38 �20.45 0.9997 18.88 0.0993 1.92 2.06
0.6 74.5 11.63 �20.73 0.9996 19.40 0.1016 2.41 2.63
0.7 78.1 12.44 �21.59 0.9993 20.48 0.1049 3.10 3.17
0.8 84.5 14.00 �23.22 0.9990 22.34 0.1045 3.87 4.01
0.9 89.8 15.17 �24.45 0.9989 23.83 0.0977 5.16 5.49
0.95 93.3 15.98 �25.31 0.9993 24.85 0.0984 6.12 6.44

a ln[AR/g(a)E] and E have been calculated on the basis of the nonisothermal DSC experiments, as the intercept and the
slope of the isoconversional relationship ln[b/T2] ¼ ln[AR/g(a)E]-E/RT.

b ln [g(a)/A] has been calculated on the basis of ln[AR/g(a)E] and E.
c lnA has been calculated using kinetic model R3 and ln[g(a)/A] or ln[AR/g(a)E].
d Values of rate constant at 1408C calculated using the Arrhenius equation and the values of E and ln A.
e Experimental curing times at 1408C determined by DSC.
f Simulated curing times at 1408C determined using eq. (3) and the parameters E and ln[g(a)/A].

TABLE III
Arrhenius Parameters Determined by the Coats–Redfern

Method [Eq. (4)] at 10 K/min

Models E (kJ/mol) lnA (min�1) r2

A3/2 44.0 11.45 0.9880
A2 31.4 7.47 0.9868
A3 18.7 3.30 0.9841
A4 12.3 1.07 0.9802
D1 106.8 29.36 0.9981
D2 124.3 35.00 0.9988
D3 131.2 35.01 0.9958
D4 122.2 32.12 0.9981
R2 64.2 16.36 0.9975
R3 67.8 17.11 0.9985
F1 69.4 19.19 0.9889
P2 21.7 4.06 0.9970
n þ m ¼ 2; n ¼ 1.5 44.3 12.56 0.9473
n þ m¼2; n ¼ 1.9 85.2 24.61 0.9537
n ¼ 1.5 81.6 23.16 0.9726
n ¼ 2 95.4 27.62 0.9537
n ¼ 3 127.2 37.77 0.9126

3410 GONZÁLEZ ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Tiso, of 1448C.
30,34 It is known that where there is an

IKR between the activation parameters, a single
mechanism describes the curing.34 Furthermore,
some authors maintain that if Tiso falls within the ex-
perimental range of temperatures, as is the case
here, the kinetic model correctly describes the reac-
tion process.35 These considerations support the
choice of the R3 model as the one that best describes
the curing process.

Table II also shows the experimental isothermal
curing times and the curing times simulated using
nonisothermal isoconversional data. The similarity of
the two times indicates that we can simulate the iso-
thermal curing reasonably well on the basis of noni-
sothermal data. This methodology can be useful for
constructing TTT diagrams for the DGEBA/g-CL
mixtures, since the isothermal curing of these sys-
tems is very fast and it cannot be tracked by means
of DSC.

Figure 2 shows the a-T curves for all the formula-
tions used at a rate of 158C/min. It can be observed
that with the increase in the g-CL content the reac-
tion speeded up and the curves were shifted to a
lower temperature. In addition, this acceleration
effect was practically independent of the amount of
g-CL present in the formulation and only in the 1 : 2
formulation did the a-T curve appear at slightly
lower temperatures. This result suggests that the
acceleration does not occur due to dilution of
the reaction medium by the g-CL, but rather due to
the formation of some initiator species that are more
active, owing to coordination of the initiator with
the g-CL. Using FTIR in a previous work,5 it was
observed that the ytterbium triflate can coordinate
with both the epoxy groups and the lactone, both

those types of coordination playing a part in initia-
tion of the curing process.

Using the same methodology as in the case of the
1 : 0 formulation, the model that best reproduced
the curing of all the formulations was R3. We deter-
mined the kinetic parameters using this model and
the isoconversional methodology. Table IV shows
these parameters for the formulations with g-CL,
while Table II shows the results for the pure resin
analyzed previously. In all the formulations E
increased with conversion and its values did not
clearly show the accelerating effect of the g-CL. As
already explained, due to the compensation effect
the kinetic changes are reflected best in the value of
k. For conversions of over 0.1, all the formulations
with g-CL showed values for k1408C that were higher
than with the pure resin (formulation 1 : 0). In gen-
eral, the 3 : 1, 2 : 1, and 1 : 1 formulations had values
that were similar to k1408C, while the 1 : 2 formula-
tion showed slightly higher value. These kinetic
results are consistent with the experimental a-T
curves shown in Figure 2.

It was also observed that there was a single IKR
with Tiso ¼ 1338C that grouped all the data for E
and ln A for all the formulations with g-CL, while
the data for the pure resin were grouped in a
slightly different IKR. This result suggests that with
the addition of g-CL, even in only a small amount,
the curing mechanism is modified, possibly due
to the formation of more active initiator species that
are not found in the pure resin. These species condi-
tion the curing mechanism, which can be considered
as a single mechanism that is common to all the for-
mulations with g-CL, although slightly different
from that of the pure resin.

Figure 2 Conversion versus temperature at 158C/min for different formulations.
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The acceleration effect exercised by the g-CL on
the curing process has already been observed in
other epoxy/lactone systems using different lantha-
nide triflates as the initiator.5,6,14,15,30

As already explained, we determined agel by means
of nonisothermal TMA and DSC tests. As an example,
Figure 3 shows the calculation method for the 1 : 1
formulation at 58C/min. The materials were cured
dynamically in TMA and DSC and the derivative
curves length-T and a-T overlap. When the material
was observed to gel in TMA (reduction of amplitude
of oscillations by 95%), the calorimetric conversion
was determined. This TMA methodology has already
provided good results in the determination of the Tg

of different materials.36,37 In this case, an increase in
the amplitude of the oscillations was observed when
Tg was passed. The TMA methodology presented in
this study should be seen as being generally applica-
ble to the determination of transitions where the me-
chanical stability of the materials changes.

Table V shows the experimental values for conver-
sion at gelation, aexpgel . Testing of loss of solubility
gave similar results. With the increase in the g-CL
content, the material gelled at higher conversions.
This result involved a reduction of contraction after
gelation, since there was less groups to react during
this phase of the curing. The formation of the SOE
prior to gelation and the reaction of most of the SOE
after gelation also resulted in a reduction of contrac-
tion after gelation.1 Therefore, we can conclude that
there are two ways of reducing contraction after ge-
lation. One consists in changing the value of agel and
the other consists in the polymerization of some ex-
pandable monomer after gelation.

The theoretical values of conversion at gelation
atheorgel were determined using Flory’s classic expres-
sion:38

atheorgel ¼ 1

ð f � 1Þ1=2
(5)

where f is the functionality of the branching unit
and it was calculated taking into account the molar
composition of the mixture and the fact that
the functionality of the pure DGEBA is 4 that of the
g-CL is 2.39 The theoretical conversions showed
the same trend as the experimental ones. In general,
the formulations that are rich in DGEBA showed
values of atheorgel that are higher than the experimental
values, while just the opposite occurred with high
proportions of g-CL (formulation 1 : 2). It is known
that many real formulations give conversions that
are higher or lower than those predicted by Eq. (5)
due to intramolecular cycling, reduction of the effec-
tive functionality of the system if chain ends
increase, and the unequal reactivity of all the func-
tional groups of the same type.31,40 In our case, the
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formation of SOE that subsequently polymerized
could also contribute to the differences observed.
Matejka et al.31 found agel values between 0.2 and
0.45 for the DGEBA/g-butyrolactone system with
small amounts of lactone. They observed that agel
rises with an increase in the content of lactone and
initiator.

To establish the structure-properties relationship
and build TTT diagrams, our first step was to deter-
mine the Tg-a relationship on the basis of partially
cured samples. The variation found in Tg during the
curing process is due to two effects: the degree of
crosslinking and the composition of the copolymer
formed during the curing process. There are various
theoretical approaches to the effect of crosslinking
on Tg, one of the most widely accepted being that
proposed by Nielsen and Dibenedetto:41,42

Tg � Tg0

Tg0
¼

ex
eM

� FX
FM

8: 9;a

1� 1� FX
FM

8: 9;a
(6)

where Tg0 is the glass transition temperature of the
system with the same chemical composition as the
crosslinked polymer at a ¼ 0. If Tg0 is taken as a
constant, Eq. (6) predicts only the effect of the cross-
linking. ex/eM is the relationship between the lattice

energy of the crosslinked and uncrosslinked poly-
mers and Fx/FM is the corresponding ratio of seg-
mental mobilities. These two relationships are gener-
ally treated as two characteristic empirical constants
for each thermosetting system.

Equation (6) can be modified if we take into
account that Tg ¼ Tg1 at a ¼ 1:43

Tg � Tg0

Tg1 � Tg0
¼

FX
FM

a

1� 1� FX
FM

8: 9;a
(7)

in this case Fx/FM must be considered an adjustable
parameter between 0 and 1.

Accepting the adaptation of Coachman’s theory
for chemical solutions to a thermosetting polymer
carried out by Pascault and Williams43 as correct,
Eq. (7) can be expressed as:16,44

Tg � Tg0

Tg1 � Tg0
¼

DCp1
DCp0

a

1� 1� DCp1
DCp0

8: 9;a
(8)

where DCp1 and DCp0 are the differences in heat
capacity of crosslinked and uncrosslinked thermo-
sets, respectively. Equations (7) and (8) are the same
when Fx=FM ¼ DCp1=DCp0.

Figure 4 shows the Tg-a relationships for the 1 : 0
and 1 : 1 formulations, along with the fits obtained
using Eqs. (6) and (7). It can be observed that both
formulations correctly fit the two theoretical models
and only small differences are found at high conver-
sions. The lactone-rich system showed lower values
for Tg throughout the curing process, since the lac-
tone has lower functionality and produces a lattice
with less crosslinking. Table VI shows the parame-
ters relating to the Tg-a relationship. The higher

Figure 3 TMA thermogram (derivative length-T) and DSC thermogram (a-T) of nonisothermal of the DGEBA/g-CL 1 : 1
at 58C/min. Determination of gelation.

TABLE V
Functionality, Experimental agel, and Theoretical agel

Formulations aexpgel atheorgel f

DGEBA/g-CL 1 : 0 0.30 0.58 4.00
DGEBA/g-CL 3 : 1 0.41 0.63 3.50
DGEBA/g-CL 2 : 1 0.49 0.65 3.33
DGEBA/g-CL 1 : 1 0.70 0.70 3.00
DGEBA/g-CL 1 : 2 0.88 0.77 2.66
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values for Fx/FM for the 1 : 1 formulation are consist-
ent with the greater segmental mobility of a lattice
with less crosslinking. When the material is cross-
linked, DCp decreases. This decrease has already been
observed in other thermosetting materials.16,43,45 An
increase in the density of the crosslinking gives rise
to an increase in the stiffness of the chains and conse-
quently in Tg. This stiffness involves a lower configu-
rational entropy that can cause a reduction of
DCp.

45,46 The experimental values for DCp1/DCp0 are
close to those obtained by fitting Fx/FM. This means
that the hypotheses made in the deduction of Eq. (8)
are correct, and this equation can be used to obtain
the T-a relationship. In this case, all that needs to be
known are the values of DCp1, DCp0, Tg1, and Tg0,

which can be determined experimentally on the basis
of just two dynamic tests. This methodology [Eq. (8)]
provides substantial time savings in comparison with
the conventional methodology, based on scans of par-
tially cured samples.

The TTT diagrams for the DGEBA/g-CL formula-
tions were constructed using the experimental data
determined previously, following the methodology
set out below. The isoconversional lines were traced
in the TTT diagram using Eq. (3) and nonisothermal
kinetic parameters obtained at different conversions
(Tables II and IV). Tg0 and Tg1 were determined by

calorimetry of uncured and fully cured samples.
Since gelation is an isoconversional effect, the gela-
tion lines were drawn using Eq. (3) applied to the
conversion agel determined using TMA and DSC
(Table V). Vitrification times were taken as the times
needed for the material to reach the conversion at
which Tg is equal to the curing temperature, Tc.
These times were calculated on the basis of the iso-
conversional lines as the time needed for a given
conversion for Tc to equal Tg, corresponding to that
conversion in the Tg-a relationship [Eq. (6) and
Table VI]. The temperature at which the material
gels and vitrifies simultaneously, gelTg, was deter-
mined as the temperature at which the material vitri-
fies with a conversion equal to agel [Eq. (6) and Table
VI]. The time needed for the material to gel and vit-
rify simultaneously was determined by extrapolating
the isoconversional line of agel to a curing tempera-
ture equal to gelTg.

Figures 5 and 6 show the TTT diagrams for the
1 : 0 and 1 : 1 formulations, respectively. These dia-
grams provide us with information on the curing
times needed to attain a given degree of conversion
and for the material to gel and/or vitrify. The mate-
rial cannot cure below Tg0, so this would be an opti-
mum temperature for storage. Between Tg0 and gelTg,
the liquid resin reacts until its Tg coincides with the
curing temperature, at which point the material vitri-
fies and the reaction becomes controlled by diffu-
sion. In this region, the material does not gel.
Between gelTg and Tg1, the material first gels and
then vitrifies. Above Tg1, the material reacts com-
pletely and remains in the rubbery state after
gelling.

The addition of lactone significantly changes the
TTT diagram of the curing process. With large
amounts of g-CL curing times are substantially
reduced. The 1 : 0 formulation requires high curing
temperatures, above 1378C, to cure completely and
keep the material from vitrifying. At lower tempera-
tures complete curing cannot be guaranteed, unless
a postcuring process is carried out at high tempera-
ture. On the other hand, the 1 : 1 formulation can
cure completely without vitrifying at a temperature
above 318C (Tc > Tg1). The addition of g-CL
therefore makes it possible to reduce the curing
temperature, which can involve the appearance of
few thermal stresses as well as substantial energy

Figure 4 Tg against curing degree for the curing of the
mixtures DGEBA/g-CL 1 : 0 and 1 : 1. Computed fits using
eqs. (6) and (7).

TABLE VI
Parameters Associated to the Tg-a Relationships

Formulations Tg0 (8C) Tg1 (8C) ex/eM
a Fx/FM

a Fx/FM
b DCp0 (J g

�1 K�1) DCp1 (J g�1 K�1) DCp1/DCp0

DGEBA/g-CL 1 : 0 �17 137 0.629 0.398 0.368 0.543 0.206 0.379
DGEBA/g-CL 1 : 1 �50 31 0.923 0.698 0.739 0.565 0.410 0.725

a ex/eM and Fx/FM determined using eq. (6).
b Fx/FM determined using eq. (7).
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savings. With an increase in the content of g-CL, gela-
tion occurs at higher conversions, giving rise to a
reduction of the internal stresses in the gelled mate-
rial. With the 1 : 1 formulation (Fig. 6), at tempera-
tures near complete curing the vitrification line shows
a certain delay, possibly related to the polymerization
of SOE groups during the final phase of curing.1,5

CONCLUSIONS

We studied the curing of mixtures in different pro-
portions of DGEBA with g-CL initiated cationically
with ytterbium triflate using nonisothermal DSC and
TMA experiments, with results equivalent to the iso-
thermal experiments. Although there are a number
of reactive processes involved in curing, it can be
treated overall as a single kinetic process.

The curing kinetic was established by means of in-
tegral isoconversional analysis. Gelation was deter-
mined using a new methodology, by means of com-
bined testing in TMA and DSC. Vitrification times
were calculated on the basis of the Tg-a relationship
and the isoconversional lines, with the assumption
that the material vitrifies when Tg coincides with the
curing temperature. The Tg-a relationship can be
established on the basis of the residual curing of par-
tially cured samples or on the basis of the DCp of the
cured and uncured material, determined in a noniso-
thermal test.

The curing processes of the DGEBA/g-CL systems
are presented in the form of TTT diagrams that can
be used to establish the optimum conditions for cur-
ing. The methodology used for these systems is ap-
plicable generally and can be used for the curing of
other thermoset systems.

Figure 5 TTT diagram for the curing of the mixture DGEBA/g-CL 1 : 0. Vitrification curve (—–), gelification curve (----).
Isoconversional lines (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95). Tg0, Tg, and gelTg are also indicated.

Figure 6 TTT diagram for the curing of the mixture DGEBA/g-CL 1 : 1. Vitrification curve (—–), gelification curve (----).
Isoconversional lines (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95). Tgo, Tg1, and gelTg are also indicated.
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The addition of g-CL accelerates curing and
reduces Tg. This allows energy savings, since the
materials require less time and/or lower tem-
peratures to cure completely. The formulations rich
in g-CL gel at higher agel. In this way, we are able to
reduce the contraction that occurs subsequent to
gelation and therefore also the internal stresses.
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