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ABSTRACT: The curing reaction of different mixtures of
an epoxy resin (diglycidyl ether of bisphenol A type) and a
phenolic resin (resole type) cured with different amine con-
centrations (triethylene tetramine) was studied with thermal
scanning rheometry under isothermal conditions from 30 to
95°C. The gel time, defined by several criteria, was used to
determine the apparent activation energy of the process.
Moreover, with an empirical model used to predict the

change in the complex viscosity versus time until the gel
time was reached, and under the assumption of first-order
kinetics, the apparent rate constant and the apparent activa-
tion energy for the curing process were calculated. © 2005
Wiley Periodicals, Inc. J Appl Polym Sci 98: 818–824, 2005
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INTRODUCTION

In recent years, there has been growing interest in the
use of composite materials for the manufacture of struc-
tural components in industry. This is the result of the
number of properties that make composites attractive
alternatives to more traditional structural materials.1

These properties include high specific strength and mod-
ulus, corrosion resistance, good fatigue and fracture prop-
erties, relative ease of fabrication into complex shapes, and
ease of repair offered by composite materials.

Thermosetting resins exhibit crosslinked chains by
chemical bonds forming a three-dimensional network;
different kinds of resins belong to this group, such as
the epoxy and phenolic resins studied in this work.
Phenolic and epoxy resins are the most common ther-
mosets used by the plastic-processing industry. In the
cured state, they are infusible, insoluble, covalently
crosslinked, thermally stable network polymer struc-
tures. The formation of these network structures is
responsible for the desirable physical properties that
are typical of thermosetting resins over a broad range
of temperatures.

Phenolic resins have been widely applied as compos-
ite matrices to take advantage of their flame resistance,
which is directly related to the aromatic-ring content in
the molecular structure.2–5 The thermal degradation of

phenolic resins leads to the production of a structural
char, which results in a low flame-spreading rate in
comparison with other polymers.6,7 Phenolics also ex-
hibit excellent dimensional stability and chemical resis-
tance as a result of the high crosslinking density. This
characteristic, however, also results in a brittle material.
Moreover, the evolution of water and formaldehyde
during curing can promote microcracking and molded-
in stresses in the final products. Therefore, the process-
ing of phenolic materials requires temperature control to
reduce the number of defects in the final components.
The mechanical properties of phenolic resins may be
improved by the addition of a rubbery phase or by
blending with other polymers.8–14

On the other hand, epoxy resins exhibit good thermal
properties, chemical resistance, and electric insulation
through a crosslinking reaction with a curing agent that
makes the two-dimensional epoxy structure change into
the three-dimensional network structure.15–17 These
properties of cured epoxies are dependent on the struc-
tures of the curing agent and epoxy resin.

In previous work,18,19 we have studied the curing
processes of different epoxy and phenolic systems
under isothermal conditions. Now, our purpose is to
study the rheological behavior and kinetics of the
curing process of epoxy–phenolic mixtures to prepare
materials as strong as epoxy networks and retaining
the flame retardancy properties of phenolics.

EXPERIMENTAL

Materials

The epoxy resin, diglycidyl ether of bisphenol A, with
the commercial name Rütapox LB64, was supplied by
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Bakelite (Guipuzcoa, Spain). This is a liquid epoxy
resin suitable for the production of high-quality plas-
tics or fiber-reinforced composites. Besides, an excel-
lent wetting of different fibers can be obtained because
of the very low surface tension exhibited by the resin.

The phenolic resin was a commercial liquid resole
(pH 8.7) supplied as TH-215 by Fers Resins (Barcelona,
Spain). It was kept sealed at 4°C under nitrogen to
avoid any possible water condensation. Moreover, the
viscosity of resoles is time-dependent, and an order of
magnitude increase in the viscosity is possible even at
room temperature over a period of a few months.
Resoles are, therefore, stored at subambient tempera-
tures at which the reaction is relatively slow.

The curing agent was triethylene tetramine (TETA)
supplied by Merck (Darmstadt, Germany).

All the materials employed in this study were used
as supplied by the manufacturer. The composition of
the resins was evaluated by NMR and Fourier trans-
form infrared spectroscopy.

Sample preparation

Both resins (epoxy Rütapox LB64 and phenolic TH-
21S) were blended and cured simultaneously under
the following conditions: 90/10, 80/20, 70/30, and
60/40 (wt %/wt %) epoxy/phenolic and 80, 100, 120,
and 140 wt % TETA.

The stoichiometric relation between the resins and
the amine (which was considered 100% TETA) was
calculated as follows:

Amine H equivalent weight �
Mw of amine
Active H’s

Amine (phr)

�
Amine H equivalent weight

Epoxide equivalent weight of resin � 100

where phr is parts by weight per 100 parts of resin and
Mw is the weight-average molecular weight.

The reactions were carried out from 30 to 95°C
according to the reactivity of the system.

The mixture was stirred for a few minutes for ho-
mogenization, and then it was ready to be measured.

Rheological measurements

All the rheological measurements were carried out
with a thermal scanning rheometer supplied by Rheo-
metric Scientific (Surrey, UK). This technique, already
described,18 was designed and developed for monitor-
ing the viscoelastic state of a wide range of materials
and particularly the changes in the rheological prop-
erties with temperature or time. The complex viscosity
(�*) of a liquid is measured by the vertical oscillation

of a spade-shaped probe below the liquid surface. The
oscillatory motion of the probe is progressively
damped by viscous drag, which allows for the moni-
toring of viscoelastic properties, such as the viscosity,
and its components, the storage modulus (G�), the loss
modulus (G�), and the loss tangent (tan �), during the
curing process.

Figure 1 shows an example of the dynamic mechan-
ical behavior of the studied systems.

RESULTS AND DISCUSSION

The isothermal curing of a thermosetting resin is usu-
ally characterized by gelation and vitrification. Gela-
tion corresponds to the incipient formation of an infi-
nite network of crosslinked polymer molecules, which
occurs at a fixed extent of conversion as long as the
reaction mechanism is not a function of temperature; it
is responsible for the transformation from a liquid
state to rubbery state. Vitrification involves a transfor-
mation from a liquid or rubbery state to a glassy state
as a result of an increase in the molecular weight.

The cure of a thermosetting reactive prepolymer
usually involves the transformation of low-molecular-
weight monomers or oligomers from the liquid state
to the solid state as a result of the formation of a
polymer network by a chemical reaction of the reac-
tive groups of the system.20 Two stages, which are
divided by the gel point, are distinguished in the
process. It is accepted that growth and branching of
the polymer chains occur in the liquid state, in which
the reactive system is soluble and fusible. An infinite
network of polymer chains appears and develops only
after the gel time (tg). The reactive system then loses its
solubility and fusibility, and this leads to the final
reactions, which take place in the solid state.

The change in the dynamic mechanical properties of
a curing system is directly related to the extent of the
reaction. From the study of these dynamic mechanical

Figure 1 G�, G�, and tan � versus the cure time for an
epoxy–phenolic system.
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properties, a kinetic parameter, such as tg, can de
determined, and from it, kinetic studies of the curing
system can be made.

tg is one of the most important kinetic characteristics
of curing because it describes the attainment of a
certain critical conversion responsible for the transi-
tion from the first stage to the second stage of the
process. The gel point is characterized by the appear-
ance in the reactive system of a macromolecule with
an infinitely large molecular weight (Mw3 �). There-
fore, tg determines at which point the resin becomes
physically unprocessable.

For this reason, the determination of the gel point is
very important. There are a lot of experimental meth-
ods to determine it, such as dielectric measurements,21

torsional braid analysis,22,23 and chemiluminescence.24

However, nowadays rheological techniques to deter-
mine tg by means of extrapolation to infinite viscosity
are the most suitable methods, and so thermal scan-
ning rheometry (TSR) was chosen for this study.

tg measurements and the determination of the
apparent activation energy (Ea)

Figure 1 shows a typical result obtained in a TSR
experiment; three different regions are apparent. In
the first region, the G� modulus is low because of the
low crosslinking. In the second region, in which tg is
reached, this modulus increases exponentially versus
time. In the last region, the modulus increases more
rapidly, and TSR is not able to measure it because of
the high-medium-viscosity, highly disperse data being
obtained, which indicate that the resin has been cured.

Several methods have been proposed to determine
the gel point during isothermal cure,25–33 and in this
study, it has been determined according to the follow-
ing criteria:

1. The maximum peak in tan � (tg1): This is based
on the point at which there is a maximum dif-

ference between the elastic and viscous behav-
iors of the system.32

2. The crossover between the G� and G� curves
(tg2): In this criterion, a correlation between the
gel point and the intersection point of the curves
of G� and G� is proposed.27 In the liquid state,
the viscous properties are predominant (G� � G�
and tan � � 1), whereas in the solid state, the
elastic properties are predominant (G� � G� and
tan � � 1). Therefore, at the gel point G� � G�,
the loss energy is equal to the energy stored,
and tan � is 1.

3. Tangent line to the G� curve (tg3): The gel point
is taken at the point corresponding to the cross
between the baseline (G� � 0) and the tangent
drawn at the G� curve when G� reaches a value
close to 100 kPa.31

4. Viscosity (tg4, tg5, and tg6): At this point, the real
dynamic viscosity (��) reaches several deter-
mined values (1000, 2000, and 5000 Pa s).19,33

Table I shows the tg values obtained according to
these criteria for the curing reactions of the 80% ep-
oxy/20% phenolic/100% TETA systems, whereas Ta-
ble II shows the values obtained for the 90% epoxy/
10% phenolic systems cured at 50°C. Table III shows
the tg values for the 70% epoxy/30% phenolic systems
according to the criterion of �� � 1000 Pa s; from these
data, some facts could be observed:

• In some cases, it was not possible to determine a
tg value according to the criteria of �� � 5000 Pa s

TABLE I
tg (min) Values for the 80% Epoxy/20% Phenolic/100%

TETA Systems

T
(°C) tg1 tg2 tg3 tg4 tg5 tg6

40 33.0 350 140 81.2 97.6 142
45 21.4 — 100 64.4 80.6 130
50 19.0 83.7 50.0 42.5 50.4 75.8
55 11.2 32.3 26.0 23.6 27.4 41.1
60 9.01 25.5 20.2 20.9 26.1 47.4
65 8.67 19.9 18.0 16.6 19.5 31.5
70 4.83 7.81 8.60 8.53 9.84 16.4
75 4.17 4.85 5.51 5.50 6.69 —
80 3.08 3.10 3.75 4.86 5.37 6.09

TABLE II
tg (min) Values for the 90% Epoxy/10% Phenolic

Systems Cured at 50°C

%
TETA tg1 tg2 tg3 tg4 tg5 tg6

80 26.7 — 42.2 34.6 38.7 46.9
100 20.3 36.0 29.0 23.9 25.9 29.1
120 13.1 23.0 17.5 15.3 16.2 17.7
140 12.1 20.0 15.5 13.6 14.3 15.2

TABLE III
tg (min) Values for the 70% Epoxy/30% Phenolic System

According to the �� � 1000 Pa s Criterion (tg4)

T
(°C)

80%
TETA

100%
TETA

120%
TETA

140%
TETA

60 404 238 50.9 26.4
65 235 148 41.5 18.5
70 146 83.4 36.1 —
75 115 77.7 30.8 8.52
80 75.8 65.1 — 8.15
85 65.6 42.8 11.9 6.50
90 61.3 34.1 10.0 5.78
95 45.5 30.5 2.42 4.39
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because the viscosity did not reach this value.
Besides, in the 90% epoxy/10% phenolic/80%
TETA system, the crossover between G� and G�
was not clear enough to allow the determination
of the gel point.

• For all the systems studied, tg depends on the
criteria chosen. This fact can be explained if we
take into account that the gelification process is
not an instantaneous process but occurs during a
period of time.

• tg decreases when the cure temperature increases
at a fixed percentage of TETA for all the epoxy–
phenolic systems studied (see Fig. 2). This means
that when the temperature increases, the molecu-
lar mobility increases, and, therefore, the curing
reaction occurs more rapidly.

• tg also decreases as the percentage of TETA in-
creases at a fixed cure temperature for all systems
(Fig. 3) because of the greater number of activated
molecules that begin the reaction. The crosslink-
ing of the resin occurs in the first stages; therefore,
the curing reaction is faster, the system has a
higher viscosity, and tg decreases.

• tg increases as the percentage of the phenolic resin
in the system increases at a fixed cure tempera-
ture and percentage of TETA (Fig. 4). This behav-
ior can be explained if we consider that the amine
only acts as a curing agent for the epoxy resin and
the phenolic resin can also cure thermally, it being
determined18,19 that the tg values for phenolic res-
ins are larger than those for epoxy resin.

From the tg values, Ea can be obtained for the gela-
tion process.

If the chemical conversion (�) at tg is considered
constant for a given system,20 the integration of the
kinetic equation gives

�
0

�g d�

�1 � �	n � cte � k��
t0

tg

dt (1)

tg

1
k�

(2)

where cte is the constant, k� is the apparent kinetic
constant and n is the kinetic order.

Then, if an Arrhenius relationship is assumed for k�

k� � k0 exp� � Ea

RT � (3)

where k0 is the pre-exponential factor, T is the absolute
temperature and R is the universal gas constant.

ln tg � C �
Ea

R �
1
T (4)

Figure 2 G� versus the cure time at different isothermal
curing temperatures for the 70% epoxy/30% phenolic/100%
TETA system.

Figure 3 G� versus the cure time with different percentages
of TETA for the 70% epoxy/30% phenolic system cured at
75°C.

Figure 4 G� versus the cure time for all systems cured at
70°C with 100% TETA (E � epoxy, F � phenolic).
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where C is a constant related to � at tg.
A linear relationship was observed between ln tg

and the inverse of the absolute temperature for the
isothermal curing reactions of all epoxy–phenolic sys-
tems; from the slope of this relationship, Ea of the
gelation process can be obtained.

Table IV shows the Ea values for the gelification
process of all the epoxy–phenolic systems according to
the different tg criteria. An increase in Ea was not
observed as the percentage of TETA increased, as
could be observed in other systems previously18 stud-
ied. In these systems, moreover, the Ea values obtained
according to the different tg criteria were less concor-
dant than those obtained for each resin; this could be
due to the fact that Ea obtained for the epoxy–phenolic
systems does not correspond to a unique process, but
in these systems, there are several gelation processes
taking place simultaneously.

Kinetic analysis from viscosity data

There are different treatments for the quantitative vis-
cosity data obtained for thermosetting systems cured
under isothermal conditions.34–36 Most of them are
mainly based on the Williams–Landel–Ferry (WLF)
equation:37

log aT � � C1 �
T � TS

C2 � �T � TS	
(5)

where aT is the shift factor; Ts is a reference tempera-
ture; and C1 and C2 are two universal constants with
values of 17.44 and 51.6, respectively, only if Ts is the

glass-transition temperature (Tg) of the material. This
equation is exclusively used to observe the dynamic
mechanical behavior in the Tg to Tg � 50°C zone.

However, the reaction rate is a function of T � Tg,
and the increase in Tg during isothermal curing is a
result of the increase in the crosslinking, which is
controlled by the chain mobility. Therefore, the WLF
equation is not suitable for this process.

These treatments usually are very complicated;
therefore, viscosity data can also be treated through
fitting to empirical equations in which the tempera-
ture and conversion dependence of the viscosity is
separated into two independent terms:38–40

��T,�	 � ��T	 � ���	 (6)

If it is assumed in eq. (1) that the reaction in the
liquid state follows first-order (n � 1) kinetics until tg

� d�

1 � �
� k��dt (7)

ln�1 � �	 � k�t (8)

For a fixed temperature, �(T) can be considered a
constant (�0):

ln � � ln �0 � k�t (9)

where � is the viscosity, which is a function of the
temperature and conversion; �0 is the viscosity at t
� 0; and k� is the apparent kinetic constant.

From TSR measurements, the complex viscosity de-
pendence on time [�*(t)] could be obtained. Plotting ln
�* versus time according to eq. (9), we can observe a
linear plot only in the gelation stage, which corre-
sponds to the second region in Figure 1. This fact was
observed in all TSR experiments, and the obtained k�

values are shown in Table V for the 80% epoxy/20%
phenolic/100% TETA system.

Table V shows that k� increases as the curing tem-
perature increases for a fixed percentage of TETA. A

TABLE IV
Ea (kJ/mol) Values for All the Epoxy–Phenolic Systems

%
TETA Ea1 Ea2 Ea3 Ea4 Ea5 Ea6

60% epoxy/40% phenolic
80 49.2 74.3 75.7 72.6 74.6 56.2

100 50.9 75.8 74.6 68.6 70.4 81.7
120 41.5 78.9 61.1 54.6 75.7 50.4
140 46.7 87.4 76.5 70.9 67.9 65.0

70% epoxy/30% phenolic
80 49.8 68.5 66.4 60.6 62.3 60.2

100 58.0 73.9 71.1 58.2 61.4 62.3
120 47.2 78.1 105 64. 79.7 84.6
140 45.0 78.2 57.3 50.4 54.5 69.9

80% epoxy/20% phenolic
80 81.6 74.4 80.8 65.1 74.2 75.9

100 53.3 90.1 82.9 68.0 69.4 70.8
120 58.2 101 81.2 73.4 75.0 77.8
140 56.3 85.1 77.5 73.3 74.7 76.3

90% epoxy/10% phenolic
80 68.1 85.9 72.9 67.8 64.1 64.7

100 59.2 74.7 66.6 60.1 60.4 59.9
120 54.5 74.4 67.5 63.3 64.3 64.9
140 62.0 66.7 66.0 62.1 63.2 64.3

TABLE V
k� for the 80% Epoxy/20% Phenolic/100% TETA System

T (°C) k� � 103 (min�1)

40 76.10
45 110.9
50 172.0
55 329.9
60 433.1
65 613.6
70 1541
75 3148
80 4108
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linear relationship can be obtained by the plotting of
k� versus the percentage of TETA, and from the slope,
the global kinetic constant (k) can be obtained, inde-
pendently of the amine concentration, for all curing
temperatures studied (Table VI).

The temperature dependence of k is given by an
Arrhenius relationship:

ln k � ln k� �
Ea

RT (10)

Figure 5 shows the Arrhenius plot for the 90% epoxy/
10% phenolic system, and in Table VI, the global ac-
tivation energy values of the gelation process for all
the systems are presented. These Ea values are of the
same order of magnitude or are slightly lower than the

ones previously calculated for the epoxy resin cured
with TETA (101.5 kJ/mol),18 whereas they are clearly
lower than the Ea value calculated for phenolic resin
cured thermally in the absence of an initiator (124.0
kJ/mol).19

This fact was already observed for the Ea values
calculated from tg measurements. This indicates that
the epoxy system needs extra energy to allow the
molecular mobility and the curing reaction in compar-
ison with epoxy–phenolic systems, but phenolic resin
needs even more extra energy to start the curing re-
action thermally.

On the other hand, the Ea values calculated in this
manner are greater than those calculated with the tg

method. This fact was already observed in our labo-
ratory for different cure systems such as epoxy,18 phe-
nolic,19 and even vinyl ester resins.33 The difference
could be due to the influence that the stages after the
gel point exert on the reticulation process when diffu-
sion phenomena begin to be important.

CONCLUSIONS

The tg value depends on the criterion used; this means
that gelation is not an instantaneous process but oc-
curs over a period of time. tg is a good parameter for
studying the crosslinking process of this kind of ther-
mosetting system.

tg measurements have been employed to calculate
the apparent activation energies of all the epoxy–phe-
nolic systems. For these systems, the different criteria
of tg determination give different Ea values; this did
not occur for epoxy and phenolic systems, and in our
opinion, it could be due to the complexity of the
system under study, in which several gelation pro-
cesses can coexist simultaneously.

The apparent activation energies have also been
determined from viscosity data. The obtained values

TABLE VI
k and Global Eq Values for the Gelation Process

System
T

(°C)

k � 103

(concentration�1

min�1)
Ea

(kJ/mol)

60% epoxy/40%
phenolic 65 1.620 96.0

70 1.991
75 3.510
80 5.771
85 9.820
90 15.13
95 22.51

70% epoxy/30%
phenolic 60 1.570 74.2

65 1.961
70 4.320
75 5.871
80 6.892
85 9.470
90 15.88
95 19.44

80% epoxy/20%
phenolic 40 2.161 104

45 2.010
50 6.281
55 7.120
60 21.68
65 28.51
70 53.69
75 135.4
80 181.5

90% epoxy/10%
phenolic 30 1.640 90.3

35 2.251
40 4.232
45 7.660
50 15.12
55 27.67
60 61.59
65 59.79
70 94.31
75 128.6
80 225.7

Figure 5 Arrhenius plot for the 90% epoxy/10% phenolic
system.
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are different from those calculated with the tg method,
and this could be due to the fact that in the viscosity
method, the full process, not only a point of the gela-
tion process, is considered; therefore, in our opinion
this method could be more adequate.
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