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ABSTRACT: The thermal properties and the isothermal cure of an epoxy resin based on
diglycidyl ether of bisphenol A (DGEBA) with a diamine based on 4,4�-diamino-3,3�-
dimethyldicyclohexylmethane (3DCM) were analyzed by differential scanning calorimetry
(DSC) and temperature modulated DSC (TMDSC). The quasi-isothermal TMDSC scans
were performed at curing temperatures between 40 and 140°C for different periods of time,
and the modulation conditions were amplitude of 0.5K and a period of 60 s. The heating
rates used on the DSC scans were between 2.5 and 20 Kmin�1. The heat of curing
measured nonisothermally increases when the heating rate decreases. An average value of
440 Jg�1 was estimated. The glass transition of the unreacted system measured by DSC
was �40.4°C. The final glass transition temperature of the resin depends on the heating
rate of cure and postcure conditions. Values between 143°C (measured by DSC) and 154°C
(measured on the total heat flow by TMDSC) were obtained after isothermal curing and
postcure at 10 and 1 Kmin�1, respectively. The vitrification was analyzed by the modulus
of the complex heat capacity �C*p�, which decay gives the interval and the time of vitrifica-
tion. These properties were used to build the time–temperature–transformation cure
diagram. The intensity of the vitrification was measured by the change in �C*p�, which
decreases quasi-linearly with the curing temperature. The phase angle of the heat flow
shows a peak in the vitrification region, which agrees with the vitrification time determined
by �C*p�. The chemical kinetics may be fitted to a simplified autocatalytic model [f (�) � �m(1
� �)n, Sesták-Berggren model] with an apparent activation energy of 58 kJmol�1. The
analysis of the diffusion controlled step is studied using a mobility factor determined from
the normalised variation of �C*p� during the vitrification. The simulated overall reaction
rate, which is obtained from the product of the chemical kinetics and the mobility factor,
agrees with the experimental reaction rate. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci 85:
1263–1276, 2002
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INTRODUCTION

Since the pioneering work of Fava1 in 1968, dif-
ferential scanning calorimetry (DSC) has been

one of the most frequently used analytical tech-
niques for studying the kinetics of the curing re-
action of thermosetting polymers,2 and especially
of epoxy resins.3,4 As is well known, the crosslink-
ing reaction in an epoxy resin takes place in a
condensed phase and, at the beginning, the kinet-
ics is controlled by the chemical reaction of the
functional groups. As the viscosity of the medium
increases, the kinetics becomes controlled by the
diffusion of the reactants, the degree of conver-
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sion levels off and the system becomes a glass.
The glass transition temperature (Tg) has been
the property used in DSC to study this process of
vitrification. As the degree of conversion in-
creases due to the growing and crosslinking of the
chains, the Tg of the system gradually increases.
When this value becomes higher than the temper-
ature of the system, the resin has reached the
glassy state. The vitrification at a determined
curing temperature, Tc, is studied in conventional
DSC using the partial curing method, which al-
lows both the Tg and the corresponding degree of
conversion to be determined at different times.
The vitrification time, tv, is determined when Tg

equals Tc.
2 These values determine the vitrifica-

tion line in the time–temperature–transforma-
tion (TTT) cure diagram.5

Alternatively, other thermal analysis tech-
niques such as dynamic mechanical analysis,2,6

torsional braid analysis (TBA),7,8 and dielectric
relaxation spectroscopy (DRS)9 have also been
used to monitor the curing reaction and to study
the relaxation associated with the vitrification
phenomenon. In the nineties, Reading et al.10,11

introduced the temperature-modulated differen-
tial scanning calorimetry (TMDSC), which has
been shown to be a very useful technique for
studying not only vitrification, but also the kinet-
ics during the diffusion controlled step.12–23

In this work we study the thermal properties
and the kinetic analysis of the isothermal cure of
an epoxy resin based on diglycidyl ether of bisphe-
nol A (DGEBA) with a diamine based on 4,4�-dia-
mino-3,3�-dimethyldicyclohexylmethane (3DCM) in
a stoichiometric ratio. The calorimetric techniques
used in the work were conventional DSC and
TMDSC. Complementary experiments of thermo-
gravimetric analysis were performed to determine
the limiting temperature to avoid thermal degrada-
tion. TMDSC was applied to study the vitrification
process and to build the TTT diagram.

In 1990, Verchère et al.24 studied the kinetics,
the vitrification and the gelation of this system
using conventional DSC and size-exclusion chro-
matography. Their precise results constitute an
excellent reference for comparing and justifying
the validity of our own, which was obtained by
TMDSC. The interest in this epoxy–cycloaliphatic
diamine resin lies in the increase of the pot life at
room temperature.24 This behavior is a conse-
quence of the presence of the methyl group in a
neighboring site to the amine group, which yields
a steric hindrance that inhibits the reactivity of
this amine group. This chemical structure pro-

duces a particular behavior in the curing kinetics
and the vitrification of the system.

THE APPLICATION OF TMDSC TO
CURING REACTION

The calorimetric measurement of a curing reac-
tion by conventional DSC gives a unique heat flow
signal, which includes the heat evolved during
the curing and the so-called sensible heat due to
the temperature dependence of the heat capacity
of the sample. On the other hand, the measure-
ments by TMDSC may give the heat of curing and
the heat capacity of the system separately, apart
from other properties.

As commented above, the kinetics of the curing
reaction involves two different steps. Initially, the
reaction is controlled by the chemical reactivity of
the functional groups, and as the crosslinking
progresses, the system vitrifies and the reaction
becomes controlled by the diffusion of these
groups through the medium. Both reactions are
time dependent, showing different rates of reac-
tion. According to the thermodynamics of irre-
versible processes,25 a state function depends on
temperature, pressure, and the variables �i,
which control the transformation. Therefore, the
total enthalpy during the curing reaction in iso-
baric conditions is given by the following expres-
sion:

dH � ��H
�T�

P,�1,�2

dT � ��H
��1

�
P,T,�2

d�1�t�

� ��H
��2

�
P,T,�1

d�2�t� (1)

where �1 and �2 are time-dependent variables,
and

��H
�T�

P,�1,�2

is the isobaric heat capacity that is temperature
dependent and corresponds to the heat capacity
defined in equilibrium thermodynamics. Accord-
ing to other authors20,26 this heat capacity will be
named static heat capacity, Cp,st(T). One of these
variables, �1, may be formally identified with the
degree of conversion; the second term in eq. (1)
then corresponds to the heat of reaction evolved
during the chemical step, associated with the
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variation of �1 at T, P, and �2 constants. The other
variable, �2, is identified with the extent of the
reaction during the vitrification, and thus the
third term corresponds to the enthalpy loss of the
relaxation process. According to Schawe,20 this
third term may be related with a dynamic heat
capacity, which is temperature and time depen-
dent,

Cp,dyn�T,t� � ��H
��2

�
P,T,�1

d�2

dT (2)

Taking into account these definitions and re-
grouping the terms, eq. (1) may be rewritten in
the following form:

dH � �Hrd�1�t� � �Cp,st�T� � Cp,dyn�T,t��dT (3)

where �Hr is the heat of curing evolved for a
sample of mass m. Accordingly, the heat flow �
may be derived from eq. (3) by dividing by dt:

� �
dH
dt � �Hrr � �Cp,st�T� � Cp,dyn�T,t��q (4)

where r is the reaction rate, r � d�1(t)/dt, and q is
the heating rate, q � dT/dt.

As TMDSC is based on the superimposition
of a periodically varying temperature modulation
upon the linear heating rate, the temperature as
a function of time in the case of a sinusoidal
modulation of amplitude AT and frequency � (ra-
dian s�1) is given by the equation:

T � To � qot � ATsin��t� (5)

where To is the initial temperature and qo is the
underlying or average heating rate (qo � �T/�t).
Additionally, the periodic variation of the heating
rate is given by the equation:

q � qo � AT� cos��t� (6)

which in quasi-isothermal conditions is reduced
to q � AT� cos(�t).

As a consequence of the modulation of the heat-
ing rate, the heat flow also becomes modulated, as
determined by eq. (4). Here, there is one part that
corresponds to the heat of curing (�Hr r), and
another part that depends on the modulated heat-
ing rate q, corresponding to the periodic compo-
nent of the heat flow.

The Fourier analysis of the cycles of the heat-
ing rate and the heat flow gives the following
quantities:

1. The underlying or total heat flow 	�
,
which in the isothermal curing is identified
with the first summand of eq. (4) and gives
the evolution of the heat flow during the
curing. The total heat flow signal corre-
sponds to the heat flow signal obtained by
conventional DSC, and allows us to calcu-
late the reaction rate r � d�/dt � 	�
/�Hr,
where � is the degree of conversion. As
usual, the degree of conversion at a deter-
mined time may be determined by the ratio
of the partial heat of curing at this time,
�Ht, and the total heat of curing �Hr.

2. According to the approach suggested by
Schawe,27 based on the linear response
theory, a complex heat capacity may be
defined as C*p � C�p � iC�p, where C�p and C�p
are, respectively, the real and imaginary
parts of the heat capacity. The summand in
brackets of eq. (4) is related to the real part
of the complex heat capacity.20,26 The mod-
ulus of the complex heat capacity is defined
by the ratio of the heat flow amplitude, A�,
and the heating rate amplitude, Aq (Aq �
AT �):

�C*p� �
A�

Aq
(7)

The real and imaginary parts of the heat
capacity are respectively defined by the fol-
lowing equations:

C�p � �C*p�cos � (8)
C�p � �C*p�sin � (9)

where � is the phase angle, which is very
small in the case of a relaxation process
associated with the glass transition, as in
the case of the vitrification. In these condi-
tions, the values of �C*p� and C�p are practi-
cally indistinguishable, and the shape of C�p
is very similar to that of the phase angle.

3. The phase angle � measures the shift of the
modulated heat flow signal with respect to
the heating rate. The phase angle shows a
peak when there is a relaxation process in
the system, but this quantity is also influ-
enced by the frequency, the change in the
heat capacity of the sample, and the ther-
mal conductance of the system composed
by the sample-pan and the thermome-
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ter.28–30 In the case of the curing reaction,
there is also the influence of the chemical
reaction on �.20

The main signals used in the present work are
the total heat flow, which allows us to calculate
the reaction rate and the degree of conversion,
and the modulus of the complex heat capacity,
which allows us to study the vitrification process
and the kinetics during the step controlled by
diffusion. The uncorrected phase angle will be
used occasionally.

EXPERIMENTAL

Materials and Sample Preparation

The epoxy system studied was an epoxy resin
based on diglycidyl ether of bisphenol A (DGEBA)
(Araldite LY564 from CIBA Speciality Chemicals)
and cured with a diamine based on 4,4�-diamino-
3,3�-dimethyldicyclohexylmethane (3DCM) (HY
2954 from CIBA Speciality Chemicals). The epoxy
equivalent of the resin was 170 g equiv�1. The
resin and the amine were mixed in a stoichiomet-
ric ratio (weight ratio 100 : 35) at room tempera-
ture, stirred for 10 min and then degassed in a
vacuum chamber for 10–15 min. Finally, the sam-
ples were enclosed in aluminium pans for calori-
metric analysis.

Calorimetric Measurements

The temperature modulated DSC measurements
were performed with a Mettler-Toledo 821e
equipped with an intracooler, and STAR� soft-
ware was used for alternating DSC (ADSC) eval-
uation, which is the TMDSC technique commer-
cialised by Mettler-Toledo. In the following sec-
tions of this work, we will refer to ADSC to
indicate the TMDSC measurements. The temper-
ature and heat-flow calibrations were performed
using indium and zinc standards. The modulation
conditions used in the quasi-isothermal curing
reaction were an amplitude of 0.5 K and a period
of 60 s. The nonisothermal ADSC experiments
were performed at an underlying heating rate of 1
K min�1, an amplitude of 0.5 K, and a period of
60 s. To calibrate the heat-flow signal, correct the
amplitude, and eliminate the cell asymmetry,
ADSC requires a blank with an empty pan on the
reference side and an empty pan plus a lid on the
sample side, at the same conditions as in the

sample measurement. For ADSC measurements
	lag was set to 0.

The DSC measurements were performed at the
usual heating rates of 10 K min�1, except for
multiscan experiments where heating rates be-
tween 2.5 and 20 K min�1 were used. The sample
weight was approximately 8–10 mg. All the calo-
rimetric scans, ADSC and DSC, were performed
with a nitrogen gas flow of 50 mL min�1.

Thermogravimetric Analysis

Loss of weight was measured using a Mettler-
Toledo TG 50 thermogravimetric analyzer in a
temperature range between 40 and 600°C at heat-
ing rates between 2.5 and 20 K min�1 , and a
nitrogen gas flow of 200 mL min�1. The temper-
ature scans were performed in samples of about 6
mg of the unreacted mixtures of epoxy and hard-
ener.

RESULTS AND DISCUSSION

Thermal Properties of the Reacting System

The heat of curing �Hr has been determined from
the nonisothermal heat-flow curves, performed at
different heating rates by conventional DSC. As
in other epoxy resins,31 the value of �Hr tends to
increase as the heating rate decreases. Figure 1
shows this dependence of �Hr on the heating rate
for values determined by DSC (q 
 2.5 K min�1).
An average value of 440 J g�1 was taken as the
total heat of curing for the calculation of the de-
gree of conversion by the ratio of the partial heat
of curing and this value. The glass transition tem-
perature of the unreacted system, Tgo, deter-
mined at 10 K min�1, is �40.4°C. The effect of
heating rates lower than 2.5 K min�1 on �Hr and
Tg are shown in a second part of this work, which

Figure 1 Variation of the heat of curing with the
heating rate by conventional DSC. The line is a guide to
the eye.
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includes the study of the nonisothermal curing by
TMDSC.32

The thermal stability of the reacting system
was determined by thermogravimetric analysis
(TGA), submitting the unreacted mixture to dif-
ferent heating rates. The onset temperature of
the thermal degradation indicates the limiting
temperature of the nonisothermal scans. The de-
termination of this temperature is important be-
cause the thermal degradation modifies the prop-
erties of the crosslinked resin, in particular, de-
creasing the final glass transition of the epoxy.
The characteristic temperatures of the thermal
degradation are indicated in Table I: the onset
(Tdo) temperature is the temperature where the
loss weight begins, while the onset extrapolated
temperature (Tdo,e) is the temperature deter-
mined by the crossing of the two tangents to the
TGA curve in the beginning of the degradation.
The inflection temperature (Td,inf) indicates the
temperature where the degradation rate is at its
maximum. This temperature is obtained from the
peak of the first derivative of the TGA curve.

The glass transition temperature Tg of the fully
cured system is usually determined by DSC after
the postcure of the sample.2 When the sample is
cured nonisothermally, the Tg is determined in a
second scan obtained immediately after the first
scan, which is performed nonisothermally up to a
temperature where no exothermal reaction is de-
tected, and then cooled to a temperature about Tg
�60°C at a controlled rate. The Tg of the epoxy
can be obtained in the second scan at a deter-
mined heating rate. When the sample is previ-
ously cured isothermally, it must be submitted to
a postcure in nonisothermal conditions, and the
Tg measured in a final scan.

The glass transition temperature of the
DGEBA–3DCM system was determined using

DSC and ADSC. The determination by DSC was
performed on the second scan at a heating rate of
10 K min�1 immediately after the first scan heat-
ing up 250°C, and cooling at 20 K min�1. This
second scan does not show any residual heat of
curing. It is observed that the values of Tg, ob-
tained in this second scan, depend on the heating
rate of the first scan. The lower the heating rate,
the higher the Tg measured in the second scan, as
shown in Figure 2. The values of Tg of this figure,
like the others reported in this work, are mea-
sured at the temperature on the midpoint of the
transition. A value of Tg � 143°C is obtained after
the nonisothermal curing at a heating rate of 10 K
min�1. The dependence of Tg on the heating rate
of the curing has also been observed by Barton et
al.33 in an epoxy cured by a modified imidazole. It
seems that a slow scan gives a more complete
reaction of the functional groups, and addition-
ally, the time of reaction is longer than in a fast
scan. The result is a more effective crosslinking of
the network.

Differences in the values of Tg have also been
observed in samples cured isothermally for differ-
ent periods of time, postcured nonisothermally at
10 K min�1 to a temperature of about 250–270°C
and submitted to a final scan under the same
conditions. The maximum value of Tg was 120°C,
obtained in the postcure at 10 K min�1, after
isothermal curing between 60 and 160°C for dif-
ferent periods of time. The Tg of the final scan at
10 K min�1 increases to a value which ranges
between 132 and 143°C. In particular, the post-
cure of a sample cured for 10 min at 160°C gives
a Tg of 111°C, with practically no residual heat of
curing when heated up to 260°C. However, the Tg

Figure 2 Dependence of the glass transition temper-
ature on the heating rate of the first scan. The Tg was
measured in the second scan at 10 Kmin�1. The value
at 1 Kmin�1 (�) was obtained by the total heat flow
signal of ADSC at the same heating rate as the first
scan, and the following modulation conditions: 0.5 K of
amplitude and 60 s of the period.

Table I Thermal Degradation of the
DGEBA-3DCM Resin at Different Heating
Rates (q): Onset Temperature (Tdo),
Extrapolated Onset Temperature (Tdo,e),
Inflection Temperature (Tinf)

q (K min�1) Tdo (°C) Tdo,e (°C) Td,inf (°C)

2.5 275 328.8 352.1a

5 295 339.8 362.8a

10 310 353.4 375.5
15 310 355.3 378.1
20 320 359.0 382.4

a This temperature is the average between the values of
two TGA curves.
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of this sample rises to 143°C in the final scan.
Similar behavior was also reported by Verchere et
al.,24 and is attributed to the chemical structure
of the diamine. The situation of the methyl group
in a neighboring position to the amine group
yields a steric hindrance that inhibits the reactiv-
ity of these groups. The practically complete re-
action of the amine groups is achieved after heat-
ing at temperatures up to 260°C, giving a resin
with a higher Tg. Notwithstanding this special
structure of the diamine, the effect of time and
temperature of cure on the final Tg has also been
observed in other epoxy resins.33,34

The glass transition temperature has also been
determined by ADSC in samples with the follow-
ing thermal history: isothermally cured between
40 and 140°C for different periods of time, post-
cured at an underlying heating rate of 1 K min�1

up to 270°C, with modulation conditions of 0.5 K
and 60 s, and a final scan under the same condi-
tions. The Tg of the final scan measured on six
curves of total heat flow gives an average value of
Tg,	�
 � 154.3 � 0.8°C. According to the effect of
the previous thermal history, this result agrees
with the Tg obtained by conventional DSC, be-
cause the underlying heating rate used in ADSC
is lower than in DSC.

The glass transition temperature determined
by DSC is usually called thermal or conventional
glass transition to differentiate it from the dy-
namic glass transition temperature. The former is
heating rate dependent and the latter is fre-
quency dependent. The TMDSC allows us to de-
termine the dynamic glass transition using the
real part of the heat capacity, C�p, which in this
transition is practically equal to the modulus of
the complex heat capacity �C*p�. The dynamic glass
transition determined on the �C*p� signal of the
final scan obtained under the same conditions (1
K min�1, 0.5 K, 60 s) is Tg,�Cp*� � 156.1 � 0.9°C. As
shown elsewhere,28–30 the value of Tg,�Cp*� is
slightly higher than the value measured from the
total heat flow Tg,	�
.

The Vitrification Process

The vitrification of a thermosetting system has
been widely studied by the residual heat of curing
method.2 After different periods of curing, the
residual heat of curing and the Tg are measured.
The former is used to calculate the degree of con-
version by the expression

� � 1 �
�Hres

�Hr
(10)

where �Hres and �Hr are, respectively, the resid-
ual and the total heat of curing. In our epoxy
system the value of �Hr was taken as 440 J g�1.
The values of the degree of conversion and the Tg
for a curing temperature of 60°C are shown in
Figure 3. The study of the vitrification process by
DSC is based on these data: the system vitrifies
when the Tg equals the curing temperature. At
this temperature, the vitrification time is esti-
mated at 170 min for a degree of conversion of
about 0.8. As we will show below, TMDSC gives
an alternative way to determine the properties of
the system at vitrification.

The total heat flow signal, 	�
, measured by
ADSC, shows the exothermic peak of the curing
reaction, which allows the degree of conversion to
be calculated. Other information about the vitri-
fication process is given by the complex heat ca-
pacity and the phase angle. These signals are
shown in Figure 4 for a curing temperature of
70°C.

The variation of the degree of conversion with
time, calculated from the total heat flow, is shown
in Figure 5 for different curing temperatures. The
comparison of the curves � � t in the DGEBA–
3DCM system, at 60°C, shows slight differences.
Figure 3 shows the conversion calculated from the
	�
 signal (continuous line), which deviates from
the values obtained by the residual heat of curing
method (dashed line). These differences, whose
maximum is about 0.5 units of the degree of con-
version, may arise from underestimation of the
residual heat of curing that increases the conver-
sion. The determination of the degree of conver-
sion from the total heat flow ADSC curves has the

Figure 3 Variation of the degree of conversion (�)
and the Tg (Œ) for the isothermal curing of the DGEBA-
3DCM resin at 60°C. The dashed lines are a guide for
the eye. The degree of conversion was determined by
the residual heat of curing. The vitrification time is
obtained when Tg � Tc � 60°C. The solid line gives the
conversion calculated from the total heat flow ADSC
signal.
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usual limitations of the heat flux differential
scanning calorimeters. In our DGEBA–3DCM
resin, at temperatures higher than 100°C the
peak of the exothermic reaction takes place dur-
ing the first minutes of the reaction and an un-
controlled amount of heat is lost. On the other

hand, at curing temperatures lower than 50°C the
heat flow signal is so small that it is difficult to
obtain reliable data to calculate the conversion. In
addition, the exothermicity at the beginning of
the reaction induces a distortion in the modulated
heat-flow signal that affects the initial values of
the heat capacity and the phase angle.

The modulus of the complex heat capacity, �C*p�,
shows a variation that is similar to that observed
in other epoxy–amine systems.12–14,17,18 As
shown in Figure 4, the �C*p� tends initially to in-
crease slightly and in this case, levels off, present-
ing a plateau. This plateau is observed in practi-
cally all the isotherms analysed, as shown in Fig-
ure 6. The variation of �C*p� in this step may be
attributed to the growth of the linear chains as
the reaction of primary amine groups pro-
ceeds.12,13 Further formation of the network
structure as the reaction of the second amine
group takes place may give a decrease in �Cp*�, as
was observed in a diepoxide–polypropylenetri-
amine system.18 In the present DGEBA–3DCM
resin, �C*p� tends to be constant, probably due to
the difficulties the secondary amine groups have
in reacting. In other model systems such as a
diepoxide–methylene dianiline, �C*p� continuously
increases in this step.35

After this step, a decay in �C*p� is observed,
which is attributed to the vitrification of the sys-
tem.12–14,16–23 As the crosslinking progresses,
there is a characteristic time where the number of
configurational states significantly decrease, and
correspondingly, there is a decrease in the heat
capacity of the system. In addition, assuming that
the average relaxation time of segmental chains

Figure 4 Total heat flow and modulus of C*p (a) and
phase angle (b) for the curing of the DGEBA-3DCM
system at a temperature of 70°C. Modulation condi-
tions: 0.5 K of amplitude and 60 s of the period. The
extrapolated onset (tv(o)), midpoint (tv), and endset
(tv(e)) vitrification times are indicated in the curve of
�C*p� (a). Similarly, the phase angle curve (b) shows the
vitrification time by the extrapolated peak [tv(�)] and
the intensity of the relaxation by the changes ��R and
��L.

Figure 5 Variation of the degree of conversion with
the time of curing for temperatures between 70 and
100°C. The degree of conversion was calculated from
the total heat flow ADSC signal.

Figure 6 Modulus of C*p for the DGEBA-3DCM resin
at different curing temperatures. Modulation condi-
tions: 0.5 K of amplitude and 60 s of the period.
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in the glassy state is between 50 and 100 s,36 and
taking into account that the time scale of ADSC
measurements is 60 s, it turns out that the relax-
ation process detected by ADSC, via the abrupt
decay on �C*p�, corresponds to the macroscopic vit-
rification of the system. Therefore, the reaction
becomes practically frozen in, and the diffusion of
the reacting groups controls the kinetics.

This change of �C*p� is similar to the sigmoidal
shape of the vitrification shown by cooling
through the glass transition region.27,30,37 The
system undergoes a structural relaxation, going
from a rubber-like state, corresponding to the
highest value of �C*p�, to another state that is typ-
ical of a glass at the lowest value of �C*p�. The
difference with the glass transition is that the
composition of the system changes slightly, as a
consequence of small changes due to the diffusion
of the reactive groups. However, the degree of
conversion tends to a practically constant limiting
value, as shown in Figure 5, for different curing
temperatures. The values of the limiting degree of
conversion, �lim, are indicated in Table II.

The interval of vitrification of the system is
well determined by the onset time (tv(o)) and the
endset time (tv(e)). A vitrification time (tv) may be
defined as the time at the midpoint of ��C*p�,
namely

��C*p� � �C*p��tv�o�� � �C*p��tv�e�� (11)

where �C*p�(tv(o)) and �C*p�(tv(e)) are the values of �C*p�
at the extrapolated onset and endset points. The

definition of the endset time has an operational
meaning to allow the determination of ��C*p� or
the time interval of the vitrification. The change
of �C*p� in the vitrification tends to decrease as the
curing temperature increases, as shown in Figure
7. The value of ��C*p� should be zero when the
temperature is equal to the maximum Tg of the
system. This effect has also been observed in
other epoxy resins.18,21

The vitrification time determined by the �C*p�
signal agrees very well with the value determined
by the residual heat of curing method. In our
DGEBA–3DCM resin, tv at a curing temperature
of 60°C is 166 min and, as mentioned above, the
vitrification time estimated by the residual heat
of curing method (Fig. 3) is about 170 min. The
properties of the vitrification interval are summa-
rized in Table II.

Table II Vitrification Properties Determined by ADSC from the Complex Heat Capacity
in the DGEBA-3DCM Resin

Tc(°C) tv(o)
a (min) tv

b (min) �v tv(e)
c (min) tv(�)

d (min) �lim

40 247.3 317.7 — 389.6 296 —
50 225.5 269.7 — 312.9 251.6 —
60 136.7 166 0.76 200 156 0.84
70 91.1 111.6 0.78 132 104 0.85
80 65.6 85.5 0.83 104.1 78 0.87
90 46.5 62.7 0.85 79.2 56 0.88

100 34.4 54.1 0.88 69.7 45 0.90
110 34 53.6 — 72.2 46 —
120 34 77.8 — 105 
50 —
130 77 
160 — 
237 
130 —

Tc is the curing temperature. The values of the conversion at tv (�v) and the limiting conversion (�lim) are only available in the
interval of curing temperatures between 60 and 100°C.

a Time corresponding to the extrapolated onset of the vitrification.
b Time corresponding to the midpoint of the vitrification.
c Time corresponding to the extrapolated endset of the vitrification.
d Time of the vitrification measured by the peak of the phase angle.

Figure 7 Dependence of the variation of �C*p� (�) and
the height of the phase angle, ��R (E) and ��L (Œ). The
dashed lines are a guide to the eye for the variation of
��C*p�, ��R and ��L.
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Alternatively, the vitrification may be detected
by measuring the phase angle (�) between the
heat flow and the heating rate. Figure 8 shows the
uncorrected phase angle measurements for differ-
ent curing temperatures. The relaxation associ-
ated to the vitrification process shows an asym-
metric peak of the phase angle signal, which is
sharper at the beginning of the relaxation than at
the end, where the change is more gradual. At
curing temperatures higher than 70°C, a peak in
the opposite direction from the peak of vitrifica-
tion is observed. This peak is attributed to the
high exothermicity of the system because it cor-
responds to the maximum heat flow evolved dur-
ing the reaction. At temperatures higher than
110°C this peak becomes wider as a consequence
of the larger extension of the interval of vitrifica-
tion.

The measurement of the time of this peak tv(�),
which is shown in Figure 4(b), also gives the vit-
rification time. Table II shows the time of the
extrapolated peak of the phase angle, which
agrees well with the vitrification time tv mea-
sured from �C*p�, notwithstanding an advance of
the former with respect to the latter.

The intensity of this peak may be measured by
the height between the maximum value and the
right side of the peak, ��R, or alternatively be-
tween the maximum value and the left side, ��L.
Both properties are defined in Figure 4(b), and
the dependence of these values on the curing tem-
perature is shown in Figure 7, together with the

so-called intensity of the vitrification measured
by ��C*p�. The behavior of the intensity of the
phase angle peak is slightly different from that of
��C*p�. Although ��C*p� decreases quasi-linearly
with Tc, both values, ��R and ��L, tend to in-
crease at low Tc and finally also decrease.

As mentioned earlier, in addition to the effects
of the thermal relaxation and the chemical reac-
tion, the phase angle depends on the frequency,
the change of the heat capacity experimented in
the relaxation, and the thermal conductance be-
tween the sample-pan and the measuring thermo-
couple.20,28–30 All of these parameters should be
taken into account to correct the phase angle peak
and obtain the value which corresponds to the
vitrification. The methodology to perform the cor-
rection of the phase angle during the curing reac-
tion has been recently shown by Schawe.20 There-
fore, the results of the uncorrected phase angle
shown in Table II on the vitrification, and those of
Figures 7 and 8, have a semi-quantitative value.

Time–Temperature–Transformation Cure Diagram

The values of the midpoint vitrification time may
be used to build the vitrification line in the TTT
cure diagram as shown by the filled squares in
Figure 9. In addition, the onset (}) and the endset
(Œ) of the vitrification, which determine the inter-
val of vitrification, are also shown in Figure 9.
The diagram shows a part of the usual sigmoidal
shape shown in other epoxy–diamine resins.5,7 In
the lower temperature part, the TTT diagram
usually has a maximum of the vitrification time,

Figure 9 Time–temperature–transformation dia-
gram showing the vitrification interval determined
from the �C*p� signal: onset vitrification time (}), mid-
point vitrification time (�), and endset vitrification time
(Œ). The continuous and dotted lines are a guide for the
eye. The maximum Tg obtained by DSC (Tgmax(DSC)

� 143°C) and ADSC (Tgmax(ADSC) � 154.3°C) are shown
by dashed lines (see the text for additional details on
these measurements).

Figure 8 Uncorrected phase angle for the DGEBA-
3DCM resin at different curing temperatures. Modula-
tion conditions: 0.5 K of amplitude and 60 s of the
period.
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which then decreases as the temperature ap-
proaches the Tgo of the unreacted system. This
maximum is not observed in the TTT diagram of
Figure 9, because the lowest temperature of cur-
ing was 40°C, but at this temperature a slight
change in the slope of the vitrification line is
detected. Between 40 and 100°C the vitrification
time tends to decrease with the curing tempera-
ture to a minimum value at about 100–110°C,
and at higher temperatures tv increases with Tc.
The minimum of tv is a consequence of the oppos-
ing effects of the increasing of the constant of the
reaction rate and the decreasing of the reactants
at vitrification as the maximum Tg is ap-
proached.7

However, it seems difficult to complete the vit-
rification line up to the temperature of the maxi-
mum glass transition, which is 154.3°C, in this
DGEBA–3DCM system. As mentioned above, due
to the steric hindrance of the amine groups, it is
not possible to achieve this maximum tempera-
ture by isothermal curing. This value of Tg was
obtained by ADSC in nonisothermal curing at a
heating rate of 1 K min�1. Nevertheless, the vit-
rification line tends to a limiting value of 140°C,
which is close to the maximum Tg obtained by
DSC (Tgmax (DSC) � 143°C) after an isothermal
curing period of time.

The TTT diagram may be completed by the
iso-conversion lines, as shown in Figure 10. The
building of these lines is performed from the
time–temperature shift of the degree of conver-
sion against the curing time. The kinetic analysis
of the chemical reaction of curing is based on the
following fundamental equation:

d�

dt � k�T�f��� (12)

where k(T) is the reaction rate constant and f (�)
is a function of the conversion degree. Rearrang-
ing and integrating eq. (12), the following equa-
tion is obtained:

g��� � �
o

� d�

dt � k�T�t (13)

where g(�) is dependent only on the degree of
conversion. Taking logarithms and assuming an
Arrhenius form of k(T) � A exp(�Ea/RT), where
A is the preexponential factor and Ea the appar-
ent activation energy, produces the following
form of eq. (13):

F��� � ln g��� � ln A � �Ea/RT� � ln t (14)

where F(�), which is also a function only of the
conversion degree, describes the variation of the
degree of conversion with the time and the curing
temperature.

The apparent activation energy may be calcu-
lated at different degrees of conversion by eq. (14).
The slope of the plot of ln t against T�1, at a fixed
degree of conversion, gives Ea:

Ea

R �
dln t

d�1/T�
(15)

In the present work, the calculation of Ea was
performed from the results of the degree of con-
version for the isotherms obtained by ADSC from
60 to 100°C, using only the values of � at times
below the onset of vitrification. The values of Ea
from degrees of conversion between 0.2 and 0.7
are shown in Table III. For the indicated interval
of temperatures, the vitrification takes place at
degrees of conversion higher than 0.7, and eq. (14)
may not be applied.

From the values of Ea at different conversions,
an average value of 57.9 � 4.4 kJ mol�1 was
calculated. This value is in good agreement with
that calculated by the Kissinger method of 58.7
kJ mol�1, from the peak temperature of DSC
scans obtained at heating rates between 2.5 and
20 K min�1. Both values of Ea also agree with
that estimated by Verchère et al.,24 namely be-
tween 56 and 59 kJ mol�1.

Figure 10 Time–temperature–transformation dia-
gram showing the vitrification times (�) and the iso-
conversion lines (continuous lines), which were calcu-
lated by eq. (16). The extrapolation of the iso-conver-
sion line within the glassy state (dotted line) for �
� 0.8, 0.85, and 0.9 is a guide for the eye. The symbols
on the iso-conversion lines are experimental values
obtained by the conversion–time data.
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By the value of Ea at each degree of conversion
one can build the iso-conversion lines by the ap-
plication of eq. (14), slightly reordered:

ln t2 � ln t1 �
Ea

R � 1
T2

�
1
T1
� (16)

where t1 is the time of curing at the temperature
T1 ,for a fixed conversion, determined on the � � t
curves, and t2 is the calculated time of curing at
the temperature T2. Figure 10 shows the iso-con-
version lines in the TTT cure diagram of the
DGEBA–3DCM system. The lines at � 0.8, 0.85,
and 0.9 were obtained by using the same Ea value
as for � � 0.7. The symbols on the iso-conversion
lines are the experimental values derived from
the � � t curves. Obviously, at times higher than
tv there is a deviation between the experimental
values and the iso-conversion lines, because the
kinetics is diffusion controlled. It must be noted
that the use of a constant value of Ea (e.g., the
average value of Ea � 57.9 kJ mol�1) gives signif-
icant deviations from the experimental points
(not shown in this work).

The gelification of this DGEBA–3DCM system
was studied by Verchère et al.24 using the method
of solubility in tetrahydrofurane. A value of con-
version close to 0.6 was determined. Taking this
value into account, the gel Tg determined at the
crossing point between the line � � 0.6 and the
onset of vitrification is about 46°C. This value
agrees with that of slightly above 50°C, reported
by the same authors.24

Kinetic Analysis of the Diffusion-Controlled Regime

As mentioned before, the kinetics of the curing
reaction changes from control by the chemical
reactivity of the functional groups, whose reaction

rate is governed by eq. (12), to a controlled diffu-
sion kinetics. One method for analyzing the reac-
tion in this regime uses the model of Rabinow-
itch,38 which introduces an overall effective rate
constant ke(T,�). This constant may be calculated
from the rate constant of the chemical reaction,
k(T), which is the same as in eq. (12), and the rate
constant of the diffusion controlled step, kdiff(T,�):

1
kc�T,��

�
1

k�T�
�

1
kdiff �T,��

(17)

The diffusion rate constant may be modeled in
terms of a Williams–Landel–Ferry type equa-
tion,5,19,39 the Adam-Gibbs theory,40 or condition-
ing the diffusion control to a critical value of the
conversion.41 According to this last approach, a
diffusion factor DF(T,�) may be defined as the
ratio of the constants ke(T,�)/k(T), and alterna-
tively DF(T,�) may be obtained by dividing the
experimental values of the reaction rate by those
predicted by a chemical kinetic model:

DF�T,�� �

�d�

dt �
exp

�d�

dt�
chem

(18)

The chemical rate (d�/dt)chem may be calculated
by eq. (12), previously defining a function of f(�).
As in other epoxy resins,31,42 we use the simpli-
fied autocatalytic model (Sesták-Berggren model)

f��� � �m�1 � ��n (19)

The kinetic parameters were calculated by the
method proposed by Málek43 with Ea � 58 kJ
mol�1. The analysis of the isotherm at 70°C gives
the following set of kinetic parameters: ln A
� 13.06, m � 0.47, and n � 1.76. These values
reproduce the experimental values of the reaction
rate between � � 0.2 and � � 0.7 very well, as
shown in Figure 11, where the reaction rate is
plotted against the degree of conversion. For val-
ues of � � 0.2, a deviation between the experi-
mental (continuous line) and the chemical kinetic
values (dotted line) is observed because f (�) tends
to zero when the degree of conversion tends also
to zero, and the experimental value of the reac-
tion rate is not zero at the beginning of the reac-
tion. Nevertheless, this deviation does not affect
the vitrification region, which appears at a degree
of conversion of about 0.75. Other equations, such

Table III Apparent Activation Energy
Calculated by the Isoconversional Method
Using the Total Heat Flow Data of
Isothermal ADSC Scans

Degree of Conversion Ea (kJ mol�1)

0.2 62.7
0.3 62.2
0.4 59.7
0.5 56.9
0.6 54.2
0.7 51.7
Average value 57.9 � 4.4
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as that for the autocatalytic behaviour proposed
by Kamal,44 could give a better fit in this low
conversion region. The study in other epoxy res-
ins with other kinetic models is currently in
progress. The other deviation at a conversion of
about 0.7 is due to the vitrification of the system.
The diffusion factor DF(T,�) may be now calcu-
lated by eq. (18). The values of DF in the conver-
sion interval between 0.4 and 0.9 are shown in
Figure 12 by the dotted line.

As proposed by Van Mele et al.,13,14 the mea-
surements of the heat capacity in curing reactions
by TMDSC give a mobility factor MF(T,�) that in
many systems may be identified with the diffu-
sion factor defined above. The mobility factor is
defined by the following expression:

MF��,T� �
�C*p��t,T� � �C*p,g��T�

�C*p,l��t,T� � �C*p,g��T�
(20)

where �C*p� (t,T) is the actual value of �C*p�, �C*p,g�(T)
is the value of �C*p� in the glassy state assigned to
the long curing time, and �C*p,l�(t,T) is the �C*p� in
the liquid state, before the vitrification of the
system. During the vitrification, the value of
�C*p,l�(t,T) is obtained by the linear extrapolation of
�C*p� in the liquid state. However, in our DGEBA–
3DCM, this extrapolation is not necessary be-
cause the values of �C*p� in the liquid state before
vitrification are practically constants. The mobil-
ity factor at 70°C is also shown in Figure 12 by the
continuous line. The good agreement between
MF(T,�) and DF(T,�) in this DGEBA–3DCM sys-

tem allows us to obtain a simulated reaction rate
from the chemical reaction rate corrected by the
mobility factor:

�d�

dt �
sim

� �d�

dt�
chem

� MF�T,�� (21)

The values of the simulated reaction rate, which
are shown by open squares in Figure 11, are in
very good agreement with the experimental reac-
tion rate (continuous line). These results show
that TMDSC gives a method for determining the
time and composition corresponding to the start
of the reaction controlled by diffusion and for
studying the overall kinetics analysis. Other re-
sults in epoxy resins show the validity of the
method.13,14,18 Nevertheless, in other curing reac-
tions some differences between MF(T,�) and
DF(T,�) may be found.13,45

CONCLUSIONS

The isothermal cure of an epoxy resin based on
diglycidyl ether of bisphenol A (DGEBA) with a
diamine based on 4,4�-diamino-3,3�-dimethyldicy-
clohexylmethane (3DCM) was analyzed by con-
ventional DSC and ADSC, which is a TMDSC
technique. The calorimetric data show that the
heat evolved during the curing increases when
the heating rate decreases. According to other
authors,33 this dependence is due to the effect of
topological constraints in the highly crosslinked
network. These constraints are reduced when the
heating rate is slower, producing an increase in
the heat of curing. The analysis of the thermal
degradation gives the limiting temperature of the

Figure 12 Variation of the mobility factor MF(T,�)
obtained from the C*p signal (continuous line), and the
diffusion factor DF(T,�), obtained from the ratio of ex-
perimental and chemical reaction rates (dashed line).

Figure 11 Variation of the reaction rate (r � d�/dt)
against the degree of conversion, for the curing of the
DGEBA-3DCM at 70°C. The continuous line corre-
sponds to the experimental values, the dotted line to
the chemical kinetic values calculated by the Sesták-
Berggren model, without mobility restrictions, and the
open squares to the simulated rate obtained by the
product of the chemical kinetic values and the mobility
factor.
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nonisothermal DSC and ADSC scans to avoid the
rupture of crosslinks and the corresponding de-
crease of the final Tg.

The measurement of the glass transition tem-
perature of samples submitted to postcure shows
that the heating rate of cure and the postcure
conditions have a considerable effect on the final
properties of the network. The effect of the heat-
ing rate of cure on Tg has the same nature as that
on the heat of curing. The slower the heating rate,
the more complete crosslinking reaction is ob-
tained and, additionally, the reaction time is
longer. Both effects give an increase in the Tg.
Apart from these effects, the situation of the
methyl groups in the 3DCM in a neighboring po-
sition to the amine group yields a steric hindrance
that inhibits the full reaction, even at 160°C. All
these aspects show the difficulty to achieve the
so-called “fully cured” epoxy, which indicates a
resin with a degree of conversion of one. The Tg�

of the “fully cured” epoxy is defined as the maxi-
mum value of Tg of the resin. In our DGEBA–
3DCM resin, the maximum glass transition
ranges between 143 and 154°C, depending on the
previous thermal treatment and the technique,
DSC, or ADSC, respectively.

ADSC simultaneously gives information on the
evolution of the total heat flow, which allows us to
calculate the degree of conversion, and also the
complex heat capacity, which gives a direct
method of studying the vitrification of the resin.
From the vitrification time, the corresponding vit-
rification line may be determined and used to
build the TTT cure diagram of the resin. More
information about the intensity of the vitrification
may be found from the variation of the complex
heat capacity. The phase angle is also sensitive to
the relaxation associated with the vitrification,
but this property is subjected to some corrections.

The chemical kinetics has been studied by a
simplified autocatalytic model [f (�) � �m(1 � �)n,
Sesták-Berggren model] with an apparent activa-
tion energy of 58 kJ mol�1. The diffusion factor,
which is obtained from the ratio of the experimen-
tal and chemical reaction rates, is practically
equal to the mobility factor determined by the
variation of the �C*p� signal during the vitrification
interval. This equality allows the analysis of the
step where the mobility of the functional groups is
extremely low and the kinetics is controlled by
their diffusion. In this case, the simulation of the
overall reaction rate obtained by the product of
the chemical reaction rate and the mobility factor
agrees very well with the experimental reaction
rate.
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