
Introduction

A key factor when formulating a coating is to achieve a
viscosity that will permit proper coating application
and flow. One of the components in a coating formula-
tion is commonly an epoxy material. The ‘standard’
epoxy resin (DGEBA) has a very high viscosity that
makes very difficult its application without any modifi-
cation. One of the possible solutions is the introduction
of a diluent. There are many different kinds of diluents,
depending on their reactive or non-reactive nature.
Within the reactive group, epoxy reactive diluents play
an important role because owing to the epoxy groups
of the diluent, the alteration of some important proper-
ties of the original system (such as conversion, glass
transition temperature, lifetime…) will not be as af-
fected as they are with the introduction of a non epoxy
diluent. Epoxy-based reactive diluents can participate,
together with a resin and a curing agent, in polymeriza-
tion and crosslinking reactions thus permitting the dil-
uent to become chemically bound into the cross-linked
network. The extent to which properties are reduced is
a function of both diluent type and concentration. In an
attempt to preserve physico-mechanical properties at
elevated temperatures, the use of a polyfunctional ep-
oxy diluent was considered [1, 2].

The objective of this work was to study the curing
of the neat system DGEBA (n=0)/1,2-DCH modified
with different concentrations of the multifunctional ep-
oxy reactive diluent vinylcyclohexane dioxide (named
hereafter as VCHD). In previous works, the influence
of this reactive diluent on the thermal stability of the
DGEBA (n=0)/1,2-DCH system was studied [3].

Experimental

Materials

The epoxy resin was a commercial DGEBA (n=0)
(Resin 332, Sigma Chemical Co., San Louis, USA)
with an equivalent molecular mass of 173.6 g/eq, as
determined by wet analysis [4, 5]. The curing agent
was 1,2-DCH (Fluka, Switzerland) with an amine hy-
drogen equivalent mass of 28.5. The epoxy reactive
diluent was VCHD (Fluka, Switzerland).

Sample preparation

For calorimetric experiments, epoxy resin and reac-
tive diluent were carefully and homogeneously
mixed, at different proportions of 5, 10, 15, 20, 25 and
30% in mass of the total mass of the original system
(epoxy, diamine), before being added an amount of
curing agent which corresponds to the stoichiometric
amount for the system DGEBA/1,2-DCH. The order
of mixing was to prevent the start of reaction before
the addition of the three components. In every case
bulk samples of 200 mg were prepared. The experi-
ments were carried out using 4–6 mg in size samples
that were taken from these bulk samples, that were
sealed in pans, using a press, before introducing them
into the calorimeter.

For DMA studies, similar samples were intro-
duced in a cylindrical frame. The curing reaction was
programmed according to a TTT diagram calculated
for the system DGEBA/1,2-DCH [6]. It consists of
two stages: a first step of 24 h at 23°C and a second
one of 16 h at 70°C in an oven. After curing, the sam-
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ples were removed from the frame and cut in the form
of 15–25 mg in mass and 6 mm in diameter discs and
20 mm in length.

Methods

Calorimetric analysis (DSC)

Experimental data reported in this work were obtained
from DSC studies using a PerkinElmer DSC-7 unit un-
der the control of a 1020 system controller. The calo-
rimeter was employed to measure the heat evolved dur-
ing the curing reaction (first scan of samples) and final
glass transition temperatures (second scan of samples).

DSC experiments were carried out in the dy-
namic mode, in a temperature range from –40 to
250°C, at a heating rate of 10°C min–1. Owing to the
low temperature necessary for the performance of
measurements, a cooling device (Intercooler II sup-
plied by PerkinElmer) was adapted to the DSC-7
equipment. The calorimeter was calibrated following
the procedure given in the PerkinElmer DSC-7 Man-
ual [7]. Two standards, indium and bidistilled water
obtained by the Millipore method (Millipore, Bed-
ford, MA), were used.

Dynamic mechanical analysis (DMA)

Dynamic mechanical properties were measured using a
PerkinElmer DMA-7 operated in the three-point-bend-
ing horizontal measuring system. The DMA equipment
was calibrated using indium as a standard. Experi-
ments were conducted in a temperature range from 30
to 250°C at a heating rate of 10°C min–1. Experimental
conditions were: dynamic force (700 mN), static force
(750 mN), and heating rate (10°C min–1). The fre-
quency value used in all the experiments was 1 Hz.

Results and discussion

Calorimetric analysis (DSC)

Table 1 shows the heat evolved during the dynamic
cure reaction of the system DGEBA (n=0)/1,2-DCH
with different percentages of diluent. This heat was
calculated as the area of the peak, and is related to the
energy evolved during cure. It can be seen that the cur-
ing heat decreases with the increase of diluent. As it is
known, DSC technique is very useful to check the dif-
ferences introduced through very small changes in the
composition of an epoxy system [8, 9]. Taking the cur-
ing heat value for the system without diluent (named as
neat system or 0% VCHD) as a reference and assuming
a 100% final conversion for this system, relative
changes in the final conversion of the different systems
respect to the conversion value of the neat system were

obtained. These values are also shown in Table 1. Ob-
viously, a similar trend as that observed for the heating
values was detected. The decrease in the final conver-
sion was not important for the systems with concentra-
tions up to 15%, but beyond this percentage of diluent,
conversion decreased considerably, being 37% lower
for the system with 30% of diluent.

From second DSC scans, glass transition temper-
atures were calculated as the inflection point of the
DSC curves. Values for the different systems are
shown in Table 1. The values of Tg were not very af-
fected when the percentages of diluent were lower than
15% (relative differences respect to the neat system are
5.4% or less), but for systems with 20–30% of diluent,
the values of Tg decreased in a range between 19 and
37°C, corresponding to a 14–28% of change respec-
tively. Therefore, it can be concluded that the introduc-
tion of the reactive diluent does not affect considerably
the final conversion and glass transition temperature
values if the percentage of diluent is lower than 15%,
but beyond this concentration, appreciable and not de-
sired decreases in these properties were observed.

Figure 1 shows the curves obtained from the dy-
namic experiments carried out with samples of different
concentrations of diluent. Table 2 shows the tempera-
ture values corresponding to the onset and peak of first
DSC scans. From this table and Fig. 1, it can be seen that
increasing the percentage of diluent shifts the begining
and also the peak of the cure reaction to higher tempera-
tures. As in the case of Tg and �H values, this change is
more pronounced for systems with contents of diluent
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Table 1 Values corresponding to the different percentages of
diluent in the DGEBA (n=0)/1,2-DCH

VCHD/% �H/J g–1
��/% Tg/°C �Tg/%

0 –414 – 131.9 –

5 –404 –2.42 132.7 0.6

10 –385 –7.00 124.8 –5.4

15 –366 –11.59 125.3 –5.0

20 –340 –17.87 112.9 –14.4

25 –323 –21.98 109.0 –17.4

30 –261 –36.96 95.3 –27.7

Table 2 Onset and peak temperatures of DSC dynamic curing
experiments for different reactive diluent contents

VCHD/% Tonset/°C Tpeak/°C

0 91.67 122.58

5 95.72 125.25

10 95.99 125.92

15 101.9 128.61

20 103.17 132.28

25 107.48 135.96

30 114.12 137.33



higher than 15%. The reason can be that the plasticizer
effect is not too strong at low concentrations of reactive
diluent, but beyond a critical value the extension of lin-
ear chains during the initial step of curing provoques
that the heat detection starts later and that the final con-
version and the Tg are lower. An increase in the percent-
age of diluent can be considered as a decrease in the cur-
ing agent (diamine) ratio (or an epoxy excess) because
of the two epoxy groups introduced through the addition
of diluent that have not been compensated with an addi-
tional amount of diamine. So, as the concentration of
diluent increases, the shortage of diamine increases. The
later detection of heat during dynamic cure can be due to
the fact that, as the percentage of diluent increases, there
are less activated molecules to begin the reaction, shift-
ing the peak to higher temperatures. For this reason, it is
necessary to reach a higher temperature to activate the
reaction (higher activation energy). The shortage of cur-
ing agent is also the responsible for the decrease of the
maximum conversion attained during these dynamic ex-
periments. This same reasoning was reported by some
other authors for similar systems [10]. A decrease on Tg

values was also observed by other authors using
non-stoichiometric mixtures of epoxy systems [11].

Dynamic mechanical analysis (DMA)

In dynamic mechanical analysis [12] samples were
under a variable sinusoidal stress of frequency �. For
a viscoelastic material the resulting strain is also sinu-
soidal but out of phase with stress an angle � because
of the energy dissipated as heat. Young’s modulus is
defined as the quotient between the applied stress and
the resulting strain per unit length. It is usually conve-
nient to express the sinusoidal varying stress as a
complex quantity. Then, Young’s modulus is also
complex, the real part is named the storage modulus

�E , and the imaginary part is the loss modulus ��E :

�

�
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The quotient ��E / �E is termed the loss tangent
(tan�), which is the ratio of the energy dissipated per
cycle to the maximum potential energy stored during
a cycle:
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�

E
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For a DMA study, Tg can be taken a) as that cor-
responding to the maximum of the curve tan� vs. tem-
perature, b) as the midpoint corresponding to log �E
transition, c) as the intersect of the tangents to log �E
curve before the transition and the decrease character-
izing the transition.

Several authors have studied the characteristics
of the different assignments of the glass transition
temperature. The most commonly used is that corre-
sponding to the peak in a tan� vs. T plot, but it is also
taken as the peak temperature in a ��E vs. T plot; how-
ever, this temperature is 20–30°C lower than that cor-
responding to the tan� peak. This last temperature is
very close to that of the �E inflection point decrease,
while the temperature of the ��E peak is closer to that
based on the intersect of the tangents criterion [13]. In
this work the first criterion mentioned above was used
to determine Tg value.

Figures 2a to c show DMA curves (tan�, storage
modulus �E and loss modulus ��E , respectively) ob-
tained during first scans for the systems
DGEBA–1,2-DCH and DGEBA–1,2-DCH–VCHD
with concentrations in mass of reactive diluent 5, 10,
15 and 20%. Values corresponding to higher percent-
ages were not measured because at higher concentra-
tions of diluent, samples were extremely stiff and
creaked and even broke during the experiment, being
the analysis impossible.

From Fig. 2a it can be observed that the tan�

peak shifts to lower temperatures as the concentration
of diluent increases. This is in concordance with the
behaviour observed in calorimetric analysis and with
the expected plasticizing effect [12, 15]. In Table 3
the glass transition temperatures obtained from the
peak of tan� are shown. The diluent acts as a
plasticizer because it enlarges the linear chains, thus
reducing the energy necessary to cause rotations
around molecular bonds, and because of this, origi-
nating a glass transition shift to lower temperatures.
From the first scans, it can be observed a decrease in
Tg as the diluent content increases. This decrease is
more pronounced with the Tg values obtained from
second scans, as it can be seen in Table 3. It can also
be observed that the increase in second Tg values re-
spect to first scans is higher for low contents in reac-
tive diluent. The lack of diamine does not permit a
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Fig. 1 DSC curves from dynamic experiments of the system
DGEBA (n=0)/1,2-DCH with different concentration
of reactive diluent



complete postcure, even with a second scan; therefore
the increase in Tg values respect to first scan dimin-
ishes as the reactive diluent content increases. As the
percentage of VCHD decreases, Tg final values ap-
proaches to the Tg values corresponding to the neat
system (system without diluent) obtained through
DMA and DSC techniques.

From Fig. 2a it can be observed that not only the
glass transition temperature, but also the peak inten-
sity, decreases with the reactive diluent content. Ac-
cording to Matsuoka [16], an increase in the number
of crosslinking points causes: (1) a decrease of the
chain mobility, (2) a loss of a certain amount of free
volume, and (3) an increase in Tg. The greater the mo-
tion associated with the transition, the greater the in-
tensity of tan� peaks. Because of this, the epoxy
groups not reacting can restrict the molecular motion,
caused by an increase in the diluent content, thus
causing a decrease in the tan� peak intensity.

In Table 4 values of the area under tan� vs. T
curves for different contents of reactive diluent are
shown. As it can be seen, this area decreases with an
increase in the diluent content, that causes an increase
in damping. This decrease in the peak implies a
greater energy absorption by the material.

From Fig. 2b, it can be seen that the storage
modulus presents 3 different transition zones. At
VCHD contents in the range 15–20%, the glass transi-
tion takes place at short times that increase in the
range 5–10% and later for the neat system (0%
VCHD). In the glassy region, the storage modulus of
the system containing 5–10% slightly decreases,
while the decrease is more pronounced for the system
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Table 3 Tg values calculated from tan� curves of first and
second DMA scans

VCHD/%
Tg/°C

1st DMA scan 2nd DMA scan

0 132.6 192.3

5 124.2 183.8

10 122.8 157.3

15 116.0 130.5

20 113.7 125.6

Fig. 2a Tan� curves from DMA experiments for the system
DGEBA (n=0)/1,2-DCH with different reactive dilu-
ent content

Fig. 2b Curves �E –T recorded from DMA experiments carried
out on the system DGEBA (n=0)/1,2-DCH with dif-
ferent reactive diluent content

Fig. 2c Curves ��E –T recorded from DMA experiments carried
out on the system DGEBA (n=0)/1,2-DCH with dif-
ferent reactive diluent content

Table 4 Area values of the tan� vs. T curves recorded from
DMA experiments at different reactive diluent content

VCHD/%
Tan�

1st scan area 2nd scan area

0 45.55 17.85

5 28.26 15.42

10 17.03 15.19

15 13.76 15.54

20 13.37 12.97



with 15–20% VCHD. This means that the energy
stored during the strain cycle is practically constant
for low values of diluent. In the elastic region, the
lowest �E values correspond to the systems with high
diluent content, as it was expected to happen with a
plasticizer. In this way, high content of diluent makes
the system to store less energy per cycle, what means
that the system shows less recovery before strain, be-
ing this effect more significant for systems with high
content in diluent.

In Figs 3a to e, tan� curves corresponding to first
and second scan for the different studied systems are
shown. As it can be seen, second scans give smaller
area peaks. The broadness of the peaks depends on the
% considered. For the neat, 5 and 10% VCHD systems,
second scans gave narrower tan� peaks, corresponding
this feature to a postcuring effect [17]. But for 15 and
20% VCHD systems, tan� peaks of second scans are
broader than those of first scans, and present small
shoulders. This characteristic can be associated to an
incomplete curing and also to a non-homogeneous net-
work. This can be possible because of the defect of

diamine. At high diluent contents, many of the epoxy
groups do not react, even with a second scan, because
there is no enough diamine. It is also possible the pres-
ence of different regions with different conversions or
degree of entanglement. This can explain the broader
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Fig. 3a Tan� vs. T curves recorded for the first and second
scan performed on the neat system

Fig. 3b Tan� vs. T curves recorded for the first and second
scan performed on the 5% VCHD system

Fig. 3c Tan� vs. T curves recorded for the first and second
scan performed on the 10% VCHD system

Fig. 3d Tan� vs. T curves recorded for the first and second
scan performed on the 15% VCHD system

Fig. 3e Tan� vs. T curves recorded for the first and second
scan performed on the 20% VCHD system



peak corresponding to a broader glass transition region
(there is not only one glass transition temperature but
also an interval of temperatures associated to the dif-
ferent crosslinked regions). It can also be observed that
second tan� curves give for all diluent percentages,
peaks with lower intensities than first scans. This can
be associated with an increase of the extent of curing
during the first scan [18].

As a comment, it can be mentioned the poor me-
chanical resistance of the samples containing 20% of
reactive diluent, as some of them get broken during
DMA experiments.

Conclusions

The influence of the addition of an epoxy reactive dil-
uent on the curing and dynamomechanical properties
of the epoxy system DGEBA (n=0)/1,2-DCH have
been studied.

From the first DSC scans of the uncured sam-
ples, a shift to higher temperatures of the curing peaks
as the reactive diluent concentration increased was
observed. This behaviour was attributed to the higher
activation energy associated to the curing reaction.
Maximum conversion values decreased with an in-
creasing RD content.

From the second DSC scan, a decrease in Tg val-
ues with an increase of the diluent content was de-
tected. Nevertheless, low diluent contents do not af-
fect considerably the dynamic curing of the system.

A similar behaviour for Tg values was observed
from DMA experiments carried out on samples cured
following a sequence selected from a TTT diagram
constructed for the neat system. Owing to a shortage in
the diamine content respect to the stoichiometric ratio,
increasing the diluent content implies a non-complete
curing, even after a second DMA scan. There is also
evidence of regions with different crosslinking degrees
in the tan� peaks. Second scans of samples at high dilu-
ent contents gave broader and even with shoulders tan�

peaks. Differences between Tg values corresponding to
first and second scans increased with an increase in the
diluent content, being these differences appreciables
for systems with 15 and 20% of diluent. The storage
modulus decrease as the reactive diluent content in-
creases, as it was expected.

It can be concluded that the effect of addition of
the reactive diluent selected is not important at low

concentration values (below 15%) but beyond 15%,
very important properties as Tg, degree of crosslinking,
storage modulus... are seriously affected. This means
that the reactive diluent here studied can be used up to
15% concentrations but not beyond this value.
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