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08028 Barcelona, Spain
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ABSTRACT: A mixture of diglycidylether of bisphenol A
(DGEBA) and �-butyrolactone (�-BL) was cured in the pres-
ence of ytterbium triflate as a catalyst. The kinetics of the
various elemental processes that occur in the curing process
were studied by means of isothermal curing in the FTIR
spectrometer. The kinetics of the contraction during the
curing was also evaluated by TMA. In both cases, the kinet-
ics was analyzed by means of isoconversional procedure
and the kinetic model was determined with the so-called
compensation effect (isokinetic relationship). The isothermal

kinetic analysis was compared with that obtained by dy-
namic curing in DSC. We found that all the reactive pro-
cesses and the contraction follow a surface-controlled reac-
tion type of kinetic mechanism, R3. © 2004 Wiley Periodicals,
Inc. J Appl Polym Sci 92: 381–393, 2004

Key words: FTIR; thermomechanical analysis (TMA); differ-
ential scanning calorimetry (DSC); kinetics (polym.); curing
of polymers

INTRODUCTION

The curing of thermosetting materials is generally ac-
companied by shrinkage because covalent bonds form
between chains and increase the density of the mate-
rials. This shrinkage leads to internal stress in the
material, reduces adhesion to the substrate, and pro-
duces microvoids and microcracks, which reduce the
durability of the material.1,2

Shrinkage during curing could be reduced or elim-
inated using monomers that polymerize without con-
traction or even with expansion. Ring-opening poly-
merization leads to less shrinkage than that produced
by polycondensation or polyaddition, because not
only are small molecules not eliminated in the poly-
merization, but for every bond that changes from a
van der Waals distance to a covalent distance, another
bond changes from a covalent distance to a near van

der Waals distance. Thus, the ring-opening polymer-
ization of bicyclic monomers [spiroorthoesters (SOEs)
or spirocarbonates (SOCs), etc.] is a good strategy for
obtaining nonshrinkable resins that can be applied in
adhesives, coatings, or composites.3,4

The classical synthetic procedure for obtaining
SOEs is to react lactones with epoxides in the presence
of a Lewis acid as a catalyst.5 In this way, cationic
crosslinking of mixtures of epoxy resins with lactones
could take place with little shrinkage because SOE
groups are formed during this process.6

Lanthanide triflates are Lewis acids that can act as
catalysts in the cationic curing of epoxy resins.7,8

These compounds are commercially available and
maintain their catalytic activity even in aqueous solu-
tion. Lanthanide ions have low electronegativities and
strong oxophilicities, which make it possible for the
metal to coordinate to the oxygens in the substrate.

In a previous study9 we polymerized diglyci-
dylether of bisphenol A (DGEBA) with �-butyrolac-
tone (�-BL) using ytterbium triflate as a catalyst. By
means of thermomechanical analysis (TMA), we
proved that adding �-BL to the DGEBA leads to ma-
terials with low contraction after gelation and there-
fore with few internal stresses.1 This was attributed to
the initial formation of SOE groups and their polymer-
ization in the last stages of the curing process. Using
FTIR we showed that there were four elemental reac-
tive processes: (1) formation of SOE by reaction of
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Recerca i Innovació Tecnològica (CIRIT); contract grant
number: SGR 00318.

Journal of Applied Polymer Science, Vol. 92, 381–393 (2004)
© 2004 Wiley Periodicals, Inc.



DGEBA with �-BL, (2) homopolymerization of SOE,
(3) homopolymerization of epoxy groups, and (4) co-
polymerization of SOE and epoxy groups. These ele-
mental processes are represented in Scheme 1.

It is not easy to study the isothermal curing of
DGEBA with �-BL and ytterbium triflate by differen-
tial scaning calorimetry (DSC). At high temperatures
the curing is fast and some heat is evolved before the
device stabilizes. At low temperatures the heat is
evolved slowly and it cannot be assumed that this heat
is accurately evaluated because of the sensitivity of the
device.

Dynamic DSC experiments can be performed to
obtain kinetic parameters, which make it possible to
simulate the behavior during the isothermal curing.10

However, DSC gives information only about the over-
all process but not about the elemental reactions that
occur during curing.

Another interesting alternative is to monitor isother-
mal curing by means of FTIR spectroscopy. In this
case, detailed information about the curing process
can be obtained by determining the evolution of the
absorption bands of the carbonyl and epoxide
groups.6 This method gives the conversion–time (�– t)
plot at several temperatures for the different reactive
groups that change during the curing process. From
these plots, using integral isoconversional analysis,
activation energy and a second parameter, which is
related to the preexponential factor and the degree of
conversion, can be calculated. The dependency of the

Scheme 1
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activation energy (E) on the degree of conversion
makes it difficult to determine the other two parame-
ters of the kinetic triplet: preexponential factor A and
the function of conversion degree g(�). Moreover, be-
cause it is not possible experimentally to evaluate the
conversion rate (d�/dt) by FTIR spectroscopy, the ki-
netic model [differential function of the degree of con-
version f(�)] cannot be determined by regression.

The present study focuses on the kinetic analysis of
the curing of mixtures of DGEBA with �-BL using
ytterbium triflate as a catalyst. We studied the kinetics
of the elemental processes that are part of the curing
by FTIR spectroscopy and the overall curing kinetics
by DSC. We also used TMA to study the kinetics
associated with the shrinkage process. Finally, we pro-
pose a method that uses the isoconversional isother-
mal parameters determined by FTIR or by TMA and
the compensation effect11–13 to determine the com-
plete kinetic triplet. The results were compared with
those obtained by nonisothermal procedures.

EXPERIMENTAL

Materials

DGEBA (epoxy equiv. � 187 g/eq) (Shell, Tarragona,
Spain) and �-BL (Aldrich, Milwaukee, WI) were used
as received. Ytterbium (III) trifluoromethanesulfonate
(aldrich) was used without purification.

Preparation of the curing mixtures

The mixture was prepared by dissolving 1 phr (one
part per hundred parts of mixture, w/w) of ytterbium
triflate in 0.01 mol of �-BL and adding 0.02 mol of
DGEBA with magnetic stirring. The prepared sample
was kept at �18°C before use.

FTIR spectroscopy

The isothermal curing process, between 100 and
150°C, was monitored with a FTIR Bomem Michelson
MB 100 spectrophotometer (Quebec, Canada) with a
resolution of 4 cm�1 in the absorbance mode. An
attenuated total reflection accessory with thermal con-
trol and a diamond crystal (Golden Gate Heated Sin-
gle Reflection Diamond ATR, Specac-Teknokroma,
Barcelona, Spain) was used to determine FTIR spectra.
The disappearance of the absorbance peak at 915 cm�1

(epoxy bending) was used to monitor the epoxy con-
version. The consumption of the reactive carbonyl
group in �-butyrolactone was evaluated by measuring
the changes in absorbance at 1773 cm�1 (carbonyl
CAO stretching of cyclic ester). The appearance of the
peak at 1736 cm�1 (carbonyl CAO stretching of ali-
phatic linear ester), which does not exist in the sample
before curing, indicates that ring-opening polymeriza-

tion occurred in SOE. Thus, the latter was used to
evaluate the SOE conversion. The peak at 1509 cm�1

(phenyl group) was chosen as an internal standard.
After full cure, the peaks at 915 and 1773 cm�1 disap-
peared completely and the peak at 1736 cm�1 reached
its maximum height. Absorbances were calculated in
terms of peak areas. Conversions of the different re-
active groups, epoxide, �-BL, and SOE, were deter-
mined by the Lambert–Beer law from the normalized
changes of absorbance at 915, 1773, and 1736 cm�1

as6,9,14

�epoxy � 1 � �A� 915
t

A� 915
0 �

���BL � 1 � �A� 1773
t

A� 1773
0 � �SOE � �A� 1736

t

A� 1736
� � (1)

where A� 0, A� t, and A� � are the normalized absorbance of
the reactive group before curing, after reaction time t,
and after complete curing (A� 915

0 � A915
0 /A1509

0 ; A� 1773
0 �

A1773
0 /A1509

0 ; A� 915
t � A915

t /A1509
t ; A� 1773

t � A1773
t /A1509

t ;
A� 1736

t � A1736
t /A1509

t ; A� 1736
� � A1736

� /A1509
� ).

Thermomechanical analysis

Thermomechanical analysis was carried out in a nitro-
gen atmosphere using a Mettler-Toledo TMA40 (Grei-
fensee, Switzerland) coupled to a TA4000 thermoana-
lyzer. The shrinkage, �L � Lt � Lo, of the resin during
curing was measured by applying a force of 0.01 N.
The samples impregnated in a silanized fiberglass
support were placed between two Al2O3 discs. Iso-
thermal curing was carried out for different times at
temperatures between 110 and 150°C. The degree of
shrinkage in TMA was calculated as9,10

�TMA �
Lt � Lo

L� � Lo
(2)

where Lo, Lt, and L� are the thicknesses of the sample
at the onset, at time t, and upon completion of the
reactive process when the material is fully cured, re-
spectively.

Differential scanning calorimetry

Calorimetric analyses were carried out on a Mettler
DSC-821e thermal analyzer using N2 as the purge gas
in covered aluminum pans. The weight of the samples
was approximately 5 mg. Nonisothermal curing was
carried out at rates of 2, 5, 10, and 15 K min�1. In the
dynamic curing process the degree of conversion was
calculated as
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�DSC �
�HT

�Hdyn
(3)

where �HT is the heat released up to a temperature T,
obtained by integrating the calorimetric signal up to
that temperature; and �Hdyn is the total reaction heat
associated with complete conversion of all reactive
groups. After isothermal FTIR and TMA curing, a
dynamic scan was carried out at 10 K m�1.

THEORETICAL

The kinetics of the reaction is usually described by the
following rate equation:

d�

dt � Af��� exp � �
E

RT� (4)

where t is time, A is the preexponential factor, E is the
activation energy, T is the absolute temperature, R is
the gas constant, and f(�) is the differential conversion
function.

In general, the kinetic analysis was carried out using
an isoconversional method. The basic assumption of
these methods is that the reaction rate at constant
conversion is only a function of the temperature.15,16

Isothermal methods

By integrating the rate equation [eq. (4)] in isothermal
conditions we obtain

ln t � ln�g(�)
A � �

E
RT (5)

where g(�) is the integral conversion function, defined
as

g(�) � �
0

� d�

f(�) (6)

According to eq. (5) the activation energy and the
constant ln[g(�)/A] can be obtained, respectively,
from the slope and the intercept of the linear relation-
ship ln t against T�1 for � � constant.

Nonisothermal methods

By integrating eq. (4) in nonisothermal conditions and
reordering it, the so-called temperature integral can be
expressed as

g��� � �
0

� d�

f���
�

A
��

0

T

e��E/RT�dT (7)

where � is the heating rate.
By using the Coats–Redfern17 approximation to

solve eq. (7), and considering that 2RT/E 		 1, the
following equation may be expressed as18

ln
g(�)
T2 � ln�AR

�E� �
E

RT (8)

For a given kinetic model, linear representation of
ln[g(�)/T2] against T�1 makes it possible to determine
E and A from the slope and the ordinate at the origin.

By reordering eq. (8) we can write

ln
�

T2 � ln� AR
g���E� �

E
RT (9)

The linear representation of ln[�/T2] against T�1

makes it possible to determine E and the kinetic pa-
rameter ln[AR/g(�)E] for every conversion degree.
This isoconversional procedure is equivalent to Kiss-
inger’s method19 and similar to Flynn–Wall–Ozawa’s
method.20–22

The constant ln[AR/g(�)E] is directly related by
R/E to the constant ln[g(�)/A] of the isothermal ad-
justment [eq. (5)]. Thus, taking the dynamic data
ln[AR/g(�)E] and E, and applying eq. (9), we can
determine the isoconversional lines [eq. (5)] and sim-
ulate isothermal curing.10,23

Compensation effect (isokinetic relationship)

For complex processes (parallel reactions, successive
reactions, physical changes, etc.) it is characteristic for
the activation energy and the preexponential factor to
depend on the degree of conversion. This generally
reflects the existence of a compensation effect through
the following equation10,11,13,22,24–26:

ln A� � aE� � b (10)

where a and b are constants.
The slope a � 1/RTiso is related to isokinetic tem-

perature Tiso and the intercept b � ln kiso is related to
the isokinetic rate constant. Equation (10) represents
an isokinetic relationship (IKR), which can be ob-
served as a common point of intersection of the Ar-
rhenius lines (i.e., ln k versus T�1) of a series of reac-
tions. This intersection is characterized by a kiso and a
Tiso.

Several authors have suggested that the appearance
of the IKR shows that only one reaction mechanism is
present and that all reactions have analogous reaction
profiles. The existence of more than one IKR or pa-
rameters that do not meet the IKR implies that there
are different reaction mechanisms.27,28
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Isoconversional methods make it possible to deter-
mine easily the dependency of E on the degree of
conversion in complex processes (multistep). Vya-
zovkin25 proposed a method to obtain, from this in-
formation, the two other parameters of the kinetic
triplet. Here we have used a similar procedure.

In this study, our aim was to determine the com-
plete kinetic triplet [E, A, g(�)] in systems with E
� E(�), by using isoconversional kinetic parameters,
the slope and intercept of eqs. (5) and (9), and the
isokinetic relation, eq. (10). We selected the kinetic
model whose IKR has the best linear correlation be-
tween the activation energy and preexponential factor.

RESULTS AND DISCUSSION

Figure 1 shows the FTIR spectra obtained before and
after curing the mixture at 150°C. During the curing
process there are changes in three absorptions:

1. The carbonyl stretching band of �-BL at 1773
cm�1 diminishes because �-BL reacts with the
epoxide of the DGEBA resin to form SOE
groups.

2. The appearance of a peak at 1736 cm�1, attrib-
utable to a linear aliphatic ester, confirms that
ring-opening polymerization of SOE occurs.
This process can occur by homopolymerization
or by copolymerization with DGEBA. In gen-
eral, the homopolymerization is less favorable
and is important only at the end of curing when
there are few epoxide groups.9

3. The disappearance of the band at 915 cm�1 as-
sociated with the oxirane ring indicates that the
epoxide polymerizes. The stoichiometry of the
formulation studied (4 eq. of epoxide per 1 eq.
of �-BL) suggests that during curing the epoxide
groups take part in the three following reactive
processes (in order of importance): homopoly-
merization of DGEBA, reaction of DGEBA with
�-BL, and copolymerization of DGEBA/SOE.

After curing in the FTIR spectrometer at 150°C, a
dynamic scan was always made in the DSC up to
250°C to prove that the curing was complete. In no
case was residual enthalpy observed. Then, another
dynamic scan was made. The materials before and
after the second dynamic scan reached the same Tg

value of about 100°C. At the end of the isothermal
crosslinking processes, the absorptions at 1773 and 915
cm�1 totally disappeared and the intensity of the peak
at 1736 cm�1 was at its highest. All these consider-
ations led to the conclusion that the material was
completely cured isothermically.

Figure 1 shows the partial overlapping between
both carbonyl ester absorptions. To quantify the ab-
sorptions associated with each carbonyl group, we
deconvoluted the spectroscopic signals between 1675
and 1850 cm�1. To do so we used the curve-fitting
method with the Gaussian–Lorentzian sum area func-
tion of the program PeakFit (Jandel Scientific Soft-
ware, San Rafael, CA).9 Figure 2 shows a representa-
tive result for a curing time of 450 s at 150°C. The sum
of both deconvoluted peaks perfectly fits the experi-

Figure 1 FTIR spectra of the DGEBA and �-butyrolactone reactive system catalyzed by 1 phr of ytterbium triflate before,
during, and after curing at 150°C.
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mental signal, and the frequency assigned to each
signal coincides with the experimental spectrum. Us-
ing the deconvoluted peaks of the experimental sig-
nals the absorbances were determined by integration
and the areas were normalized. The conversions of the
reactive species (epoxy, �-BL, and SOE) were calcu-
lated from the normalized absorbances using eq. (1).

Figures 3, 4, and 5 show the degree of conversion of
the different reactive species plotted against time at
several curing temperatures. We can observe that the
curing times of �epoxy and ��-BL are similar, whereas
the times for �SOE are longer. This indicates that the
reaction between DGEBA and �-BL and the homopo-
lymerization of DGEBA are similar kinetic processes.
The polymerization of SOE takes place more slowly
because it depends on the in situ formation of SOE.
Moreover, at high �SOE (
0.5) there are few epoxy
groups and the homopolymerization of SOE, which is
an unfavorable process, is the dominant reaction. The
experimental curves in Figures 3, 4, and 5 were used to
determine the isoconversional kinetics of each reactive
process. By applying eq. (5) at different degrees of
crosslinking we obtained the kinetic parameters col-
lected in Table I. In general, the activation energy is
higher during the first stages of the curing process and
then it diminishes slightly. In some cases, after reach-
ing a minimum value, the activation energy increases.
This behavior has already been observed in several
thermosetting systems10,13,29,30 and can be explained
by a combination of physical and chemical factors that
act during the curing process.

The kinetic parameters of epoxy and �-BL groups
are similar, whereas those of SOE groups are slightly

different. Actually, the second parameter ln[g(�)/A] is
smaller for the SOE group and it leads to longer curing
times. However, the activation energies are of the
same order of magnitude for all the conversions. This
is because the four reactive processes that take place
are chemically similar and they all take place by cat-
ionic mechanisms. The goodness of the isoconver-
sional analysis used is confirmed by the good regres-

Figure 2 Carbonyl ester absorptions of the FTIR spectra,
representative of the method used to deconvolute both
peaks in the DGEBA and �-butyrolactone reactive system
catalyzed by 1 phr of ytterbium triflate and cured at 150°C
for 450 s. Symbols are experimental values, dotted lines are
the peaks obtained by deconvolution, and the continuous
line is the sum of the separated peaks.

Figure 3 Plot of the experimental and simulated degrees of
epoxy conversion versus curing times for samples cured at
different temperatures: (�) experimental isothermal curves;
(f) isoconversional isothermal data obtained by eq. (5); (—)
curves obtained by using function R3 and the isothermal
kinetic parameters contained in Table I; (F) isoconversional
nonisothermal data obtained by eq. (9); (– – –) curves ob-
tained by using function R3 and the nonisothermal kinetic
parameters in Table IV.

Figure 4 Experimental and simulated degrees of �-BL con-
version versus curing times for samples cured at different
temperatures: (�) experimental isothermal curves; (f) iso-
conversional isothermal data obtained by eq. (5); (—) curves
obtained by using function R3 and the isothermal kinetic
parameters in Table I.
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sion of the isoconversional lines (Table I). Figures 3, 4,
and 5 compare the experimental �–t curves with those
obtained from the kinetic parameters given in Table I.

To determine the kinetic model g(�), which de-
scribes the reactive processes in the curing, we used
the isoconversional parameters (Table I) and the iso-
kinetic relationships. From the parameters ln[g(�)/A]
in Table I we obtained the preexponential factor for
the different kinetic models used (see Table II). Then
we looked for the isokinetic relationship, eq. (10), for
all the models and processes studied. Table III shows
the results and the Tiso values determined from the
slopes of the IKRs. Although some models have IKR,
we considered that for all the reactive processes the R3
model is the most suitable, given that it has the best
regression. In Table I we can see the preexponential
factors determined by model R3. According to Vya-
zovkin and Linert,31 obtaining a Tiso in the experimen-
tal temperature range is an indication that the kinetic
model accurately describes the reactive process. In our
case, for epoxide groups and �-BL, we obtained a Tiso
of 143.8 and 140.3°C, respectively, both in the experi-
mental curing range. However, for the SOE group, we
obtained a Tiso of 68.2°C, substantially different from
the experimental range. This may be because the po-
lymerization of SOE depends on the quantity of SOE
in the reaction medium. This quantity is always lim-
ited by the formation of SOE, from DGEBA and �-BL,
and its polymerization.

Figure 6 shows the IKR plots of the reactive species
for the R3 model. As we can see, the kinetics of the
epoxy groups and �-BL is similar (similar IKR) and
different (different IKR) for the SOE. In Figures 3, 4,
and 5 we plotted the �– t curves for the R3 model. For

Figure 5 Experimental and simulated degrees of SOE con-
version versus curing times for samples cured at different
temperatures: (�) experimental isothermal curves; (f) iso-
conversional isothermal data obtained by eq. (5); (—) curves
obtained by using function R3 and the isothermal kinetic
parameters in Table I.
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E and A we used the average of the values obtained
between � � 0.2 and � � 0.8 (Eepoxy � 74.2 kJ/mol and
ln Aepoxy � 14.24 s�1, E�-BL � 74.6 kJ/mol and ln A�-BL
� 14.15 s�1, ESOE � 70 kJ/mol, and ln Aepoxy � 12.17
s�1). The same values of ln A can be obtained from the
overall values of E and the IKR of the corresponding
R3 model. Thus, it can be observed that the R3 model
accurately describes all the reactive processes. The
data obtained by this methodology are similar to those
obtained by isoconversional adjustment and to the
experimental values. This indicates that the method-
ology for determining the complete kinetic triplet E, ln
A, and g(�) is correct and can be used to study other
reactive systems. Other models with good regressions
(Table III), but with Tiso values that are substantially
different from the experimental temperatures, do not
give good results for either �epoxy or ��-BL.

For �epoxy and ��-BL, where the Tiso values are close
to the experimental temperatures, any pair of values E
and ln A of the relationship IKR can be used to sim-
ulate the curing near the Tiso. Figure 7 shows the
logarithm of the rate constant ln k, associated with the
epoxy group, for several activation energies. The pre-
exponential factors, for each E, were calculated using
the relationship IKR of the R3 model and ln k using the
Arrhenius equation:

ln k � ln A �
E

RT (11)

It can be observed that if the activation energy E varies
slightly near the Tiso the rate constant remains practi-
cally unchanged.

An alternative to isothermal curing is nonisother-
mal curing in the DSC. One of the problems associated
with this method is that overall curing generally pro-

vides no kinetic information about the elemental pro-
cesses.

In a previous study9 we determined that the en-
thalpy related to the opening of the oxirane ring is
about 94 kJ/mol in both homopolymerization and
copolymerization with �-BL or SOE. On the other
hand, the enthalpy associated with the homopolymer-
ization of SOE groups is only 21 kJ/mol. Taking these
values into account, and the fact that no more than
50% of SOE homopolymerizes, practically all the
evolved heat in a dynamic experiment should be as-
sociated with the reactive processes in which epoxy
groups participate. Therefore, the kinetics obtained
from nonisothermal experiments are expected to be
similar to the kinetics obtained isothermically for the
epoxy groups. Figure 8 plots conversion against cur-
ing temperature for the nonisothermal curing of
DGEBA with �-BL at different heating rates. Using eq.
(9) we determined the isoconversional parameters and
then calculated the isothermal parameters of eq. (5).
Table IV shows the results. From these parameters we
simulated the conversion of epoxide groups, which
are represented in Figure 3. The goodness of the sim-
ulation and the regressions obtained (Table IV), in
addition to the fact that the nonisothermal kinetic
parameters are similar to those of epoxy groups, con-
firm that our hypotheses are correct. When the Flynn–
Wall–Ozawa method20,21 was used instead of eq. (9)
the results were similar.

To determine the kinetic model from nonisothermal
parameters we used two different strategies. We used
the Coats–Redfern method [eq. (8)] to determine E and
ln A for the different models. Table V shows all the
results obtained at a heating rate of 10 K min�1. We
took R3 as the correct model because it is better ad-
justed. Some other models have good regressions but

TABLE II
Algebraic Expressions for f(�) and g(�) for the Kinetic Models Used

Model f(�) g(�)

A2 2(1 � �)[�ln(1 � �)]1/2 [�ln(1 � �)]1/2

A3 3(1 � �)[�ln(1 � �)]2/3 [�ln(1 � �)]1/3

R2 2(1 � �)1/2 [1�(1 � �)]1/2

R3 3(1 � �)2/3 [1�(1 � �)]1/3

D1 1/2(1 � �)�1 �2

D2 �ln(1 � �) (1 � �)ln(1 � �) � �
D3 3/2(1 � �)2/3 [1�(1 � �)]�1/3 [1�(1 � �)1/3]2

D4 3/2(1 � �)1/3[1�(1��)]�1/3 (1�2/3�)(1 � �)2/3

F1 (1 � �) �ln(1 � �)
F2 (1 � �)2 (1 � �)�1

F3 1/2(1 � �)3 (1 � �)�2

Power 2�1/2 �1/2

n � m � 2; n � 1.9 �0.1 (1 � �)1.9 [(1 � �)��1]�0.9 (0.9)�1

n � m � 2; n � 1.5 �0.5 (1 � �)1.5 [(1 � �)��1]�0.5 (0.5)�1

n � 2 (1 � �)2 �1 � (1 � �)�1

n � 3 (1 � �)3 2�1[�1�(1 � �)�2]
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we did not consider them, given that E is quite differ-
ent from that obtained isoconversionally (considered
to be the true E). If the variation in activation energy
with the degree of conversion is taken into account,
the kinetic model can be determined as in the isother-
mal case. From the isoconversional values in Table IV,
we calculated the IKRs for the different models. Table
V shows the results. Again the R3 model gives the best
regression and the Tiso of 145.6°C lies in the experi-
mental range of curing temperatures. In Table IV we
can see the preexponential factors determined from

the isoconversional values by the R3 model and, in
Figure 6, the agreement between the isothermal IKR
for �epoxy and nonisothermal IKR. Moreover, we can
see that the kinetic parameters determined by the
Coats–Redfern method lie on the nonisothermal IKR.

Figure 3 shows the simulated conversion of epoxy
groups from the R3 model and the nonisothermal val-
ues. We used the values of E � 66.5 kJ/mol and ln A
� 12.1 s�1, obtained as average values of the param-
eters between conversions in the range 0.2–0.8. For E
� 66.5 kJ/mol we obtained the same preexponential

Figure 6 Isokinetic relationships (IKR) associated with each reactive group for the R3 model.

Figure 7 Plots of ln k associated with the epoxy groups versus T�1 for several activation energies.
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factor as when the IKR of the R3 model was used.
Again we correctly predicted the isothermal parame-
ters by this procedure.

In a previous study9 we used TMA to measure the
contraction during the curing of this type of materials.
We found that there is a nondirect relationship be-
tween shrinkage and degree of conversion. This is
because all the elemental processes are chemically
similar but they undergo very different contractions.
Specifically, the homopolymerization of DGEBA con-
tracts by 2.4%9 and the reaction of DGEBA with �-BL
contracts much more, as much as 11.2% for related
compounds.1 On the other hand, the polymerization
of SOE and its copolymerization with DGEBA take
place either with contractions that are almost zero or
even with expansion.32 Depending on the elemental
reactions that occur in the different stages of curing,
the material will contract to one degree or another.

Figure 9 shows the degree of contraction calculated
by eq. (2) for several temperatures as a function of the
curing time in the TMA. We can observe a contraction,
characteristic of these systems, in two or three steps
and separated by the gelation of the material (�TMA �
0.7), which takes place with no apparent contraction.9

We analyzed the kinetics of the contraction in a similar
way to the curing monitored by FTIR. Table I shows
the kinetic parameters of isoconversional analysis.
These parameters differ from those obtained for the
chemical conversions in the FTIR. In general, the acti-
vation energy increases, particularly when �TMA �
0.7. This fact could be explained by the difficulty of
contracting the gelled material. Moreover, all the ki-
netic parameters change considerably during the cur-
ing process. These values are distributed in three dif-
ferent regions: �TMA between 0.1 and 0.3, �TMA be-
tween 0.4 and 0.6, and �TMA between 0.7 and 1. Figure

9 shows good agreement between the isoconversional
kinetic parameters and experimental contractions.

To determine the kinetic model we ascertained the
isokinetic relationships (Table III). Again, the most
reliable model is R3, which has an associated Tiso of
223.4°C. This isokinetic temperature is slightly beyond
the experimental temperature range. Results for the R3
model could be better if we group the E and ln A
values in two IKRs. The first (a � 0.2768, b � �5.3633,
Tiso � 161.5°C, and r � 0.9999) groups the values up to
�TMA 	 0.7. The second (a � 0.3085, b � �7.8633, Tiso
� 116.9°C, and r � 0.9996) groups the values for �TMA
� 0.7.

Figure 9 shows the R3 model’s prediction of the
contraction at 120 and 140°C. Because of the consider-
able change in the kinetic parameters the simulation,
taking E and ln A as constants, is not very accurate.
Thus, we simulated the contraction in the three groups
mentioned above, and took the following average ki-
netic parameters: at low contractions, E � 32 kJ/mol
and ln A � 5.33 s�1; at medium contractions, E � 38
kJ/mol and ln A � 5.38 s�1; and at high contractions,
E � 54 kJ/mol and ln A � 8.82 s�1 (Fig. 9). As we can
see, the simulated shrinkages perfectly fit the experi-
mental data, which confirms that the R3 model is also
suitable for predicting the contraction process in this
complex curing system.

CONCLUSIONS

FTIR spectroscopy made it possible to analyze the
individual elemental chemical processes that take part
in a complex curing process such as the cationic
crosslinking of DGEBA/�-BL mixtures. In this reac-
tive system we determined the conversions and kinet-

TABLE IV
Kinetic Parameters of Nonisothermal

Curing Obtained by DSCa

�
E

(kJ/mol)
ln[AR/g(�)E]

(K s�1)
ln[g(�)/A]

(s)
ln A
(s�1) r

0.05 75.4 9.48 �18.59 14.52 0.9983
0.1 73.4 8.36 �17.45 14.08 0.9989
0.2 70.6 6.99 �16.04 13.41 0.9992
0.3 67.2 5.55 �14.55 12.36 0.9996
0.4 65.2 4.63 �13.60 11.74 0.9997
0.5 64.6 4.15 �13.10 11.52 0.9996
0.6 64.9 3.97 �12.93 11.60 0.9993
0.7 65.8 3.98 �12.95 11.85 0.9991
0.8 67.1 4.11 �13.11 12.23 0.9990
0.9 69.7 4.55 �13.58 12.96 0.9991
0.95 72.8 5.16 �14.24 13.78 0.9995

a ln[AR/g(�)E] and E were calculated on the basis of the
nonisothermal DSC experiments, as the intercept and the
slope of the isoconversional relationship ln[�/T2] � ln[AR/
g(�)E] � E/RT; ln[g(�)/A] was calculated on the basis of
ln[AR/g(�)E] and E; ln A was calculated using kinetic model
R3 and ln[g(�)/A].

Figure 8 Degree of conversion versus temperature, calcu-
lated according to eq. (3) for nonisothermal curing. Heating
rates of 2, 5, 10, and 15 K min�1.
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ics of the epoxy, �-BL, and SOE. DSC, on the other
hand, could not separate the elemental processes and
thus provided only the global kinetics of the crosslink-
ing.

All the elemental reactions that participated in the
curing of DGEBA epoxy resins with �-butyrolactone
catalyzed by ytterbium triflate followed a kinetic
model of the surface-controlled reaction type, R3. The
reactions in which epoxy groups and/or �-butyrolac-
tone take part had a similar kinetic triplet, whereas the
SOE reaction had a slightly different triplet.

Isoconversional methods made it possible to evalu-
ate how the kinetic parameters varied with the degree

of conversion but they did not reveal the complete
kinetic triplet. Using these methods in combination
with the isokinetic relationships, both in the isother-
mal and nonisothermal curing, enabled us to deter-
mine the complete kinetic triplet [E, A, g(�)].

The kinetics of the shrinkage in TMA were evalu-
ated with the same methodology as in the FTIR stud-
ies. The shrinkage also followed a type R3 kinetic
model, but its activation energies and preexponential
factors varied considerably during the curing process
because they depended heavily on the elemental
chemical reactions and the physical phenomena that
took place at each stage.
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netic parameters (Table I).
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