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Abstract

The non-isothermal curing of an epoxy resin based on diglycidyl ether of bisphenol A (DGEBA) with a diamine based on 3,3’-
dimethyl-4,4’-diaminodicyclohexylmethane (3DCM) was analysed by temperature modulated differential scanning calorimetry
(TMDSC). The TMDSC scans were performed at underlying heating rates, go, of between 1 and 0.1 K min™", and at the
following modulation conditions: an amplitude of 0.2 K and a period of 60 s. For values of g, equal to or lower than 0.5 K min™ ",
a vitrification and further devitrification of the system was observed in the modulus of the complex heat capacity, |C; |, and also
in the phase angle signal. Both the time and the temperature of vitrification and devitrification are used to construct a continuous
heating transformation (CHT) cure diagram. This diagram was completed by the lines that give the evolution of the temperature
and the glass transition temperature over time at constant heating rate. The effect of the steric hindrance of the diamine is
analysed in the curing kinetics and the maximum glass transition temperature of the resin. The thermal stability of the reacting
system was studied by thermogravimetric analysis. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Temperature modulated DSC; Non-isothermal curing; Vitrification; Devitrification; Continuous heating transformation cure
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1. Introduction

In a previous paper, the thermal properties of the
diepoxide—cycloaliphatic diamine and the kinetics of
the curing reaction were studied by conventional
differential scanning calorimetry (DSC) and tempera-
ture modulated DSC (TMDSC) [1]. In particular,
TMDSC was used in the study of the vitrification of
the system and the modelling of the overall kinetics,
including the step controlled by diffusion. Under
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isothermal conditions, the vitrification of the reacting
system takes place when the crosslinking of the net-
work produces a resin in which the glass transition
temperature equals the curing temperature. Similarly,
in a system submitted to a constant heating rate, the
vitrification takes place when the temperature of the
system equals the glass transition temperature of
the system. Conversely, the system undergoes devitri-
fication when the temperature of the system becomes
higher than the glass transition temperature.
Vitrification and devitrification processes during the
non-isothermal curing of epoxy resins have been
studied by Gillham and co-workers [2] and Wisan-
rakkit and Gillham [2,3] using torsional braid analysis
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(TBA), and DSC to determine the degree of conversion
at which the relaxation occurs. Since the introduction of
TMDSC by Reading [4], the curing of thermosets at a
constant heating rate has been studied by employing
this technique in other systems [5—10]. As is well
known, TMDSC simultaneously gives the heat evolved
during the curing and the heat capacity, allowing both
the degree of conversion and the times at which vitri-
fication and devitrification take place to be determined
in the same experiment. This method has been used in
the construction of the continuous heating transforma-
tion (CHT) cure diagram of epoxy resins [7,10].

In the present study, the non-isothermal curing of an
epoxy resin based on diglycidyl ether of bisphenol A
(DGEBA) with a diamine based on 3,3’-dimethyl-4,4'-
diaminodicyclohexylmethane (3DCM) was analysed
by temperature modulated DSC (TMDSC) at very low
underlying heating rates, go. This diamine is relatively
hindered and is thus chosen to obtain systems with
longer pot life at room temperature [11]. The TMDSC
technique was applied by the methodology of alter-
nating DSC (ADSC, Mettler—Toledo), the main prop-
erties of which have been described elsewhere [1,12].

The effect of the heating rate on the temperature at
which vitrification and further devitrification occurs
was studied. These singular points were used to con-
struct the CHT diagram, indicating the region in which
the system vitrifies. The diagram was completed with
the lines of 7— and T, at a constant heating rate. The
relation between the conversion degree and the glass
transition temperature of the system allows the repre-
sentation of the T, lines. The crossing point between
this line and the 7—¢ line should give the referred points
of vitrification and devitrification of the system at the
respective heating rate. The deviations between the
experimental and the calculated points is analysed.

2. Experimental
2.1. Materials

The resin was an epoxy based on DGEBA (Araldite
LY564 from CIBA Speciality Chemicals), which was
cured by a diamine based on 3DCM (HY 2954 from
CIBA Speciality Chemicals). The epoxy equivalent of
the resin was 170 geq. . The preparation of the
samples was performed as described elsewhere [1].

2.2. Calorimetric measurements

The temperature modulated DSC measurements
were performed with a Mettler—Toledo 821e thermo-
analyser equipped with an intracooler. STAR® soft-
ware was used for the evaluation of the ADSC curves.
In the following sections of this study, we will refer to
ADSC to indicate the TMDSC measurements. The
temperature and heat flow calibrations were per-
formed by standards of indium and zinc. The modula-
tion conditions used in the non-isothermal ADSC
experiments were of underlying heating rates of
between 1 and 0.1 Kmin ', amplitudes of 0.2 or
0.5 K, and a period of 60 s, which was the same in
all the experiments. In order to calibrate the heat flow
signal, correct the amplitude and eliminate the cell
asymmetry, ADSC needs to perform a blank with an
empty pan on the reference side and an empty pan plus
a lid on the sample side, at the same experimental
parameters as in the sample measurement. For the
ADSC measurements, the intrument constant 7j,, was
set to 0.

The DSC scans required for the partial curing
method were performed in the same instrument at a
constant heating rate of 10 Kmin '. The sample
weight was also approximately 8—10 mg. The nitrogen
gas flow used in DSC and ADSC was 50 mL min~".

2.3. Thermogravimetric analysis

Loss of weight was measured using a Mettler—
Toledo TG 50 thermogravimetric analyser at a tem-
perature range of between 40 and 600 °C at heating
rates of between 0.1 and 1 K min~' and a nitrogen gas
flow of 200 mL min~'. The temperature scans were
performed in samples of about 6 mg of the unreacted
mixtures of epoxy and hardener.

3. Results and discussion
3.1. ADSC signals in non-isothermal curing

Firstly, we will show the generalised behaviour
of the main ADSC signals in one non-isothermal
curing experiment. The total heat flow, the modul
us of the heat capacity and the phase angle obtained
in the non-isothermal curing of the epoxy system at an
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Fig. 1. Total heat flow (continuous line), complex heat capacity (dashed line) and phase angle (dotted line) signals of the non-isothermal cure
of the epoxy-amine resin at an underlying heating rate of 0.4 K min~', an amplitude of 0.2 K and a period of 60 s.

underlying heating rate of 0.4 K min~' and the mod-
ulation conditions of 0.2 K and 60 s are shown in
Fig. 1. The total heat flow signal ({(¢)) shows two
thermal events. At low temperatures, this signal shows
the glass transition of the unreacted resin, Ty (4)»
which is about —43 °C (measured as the midpoint
of the glass transition) under these conditions. At
increasing temperatures, the exothermic peak charac-
teristic of the curing reaction is shown. The values of
the heat of curing measured on the (¢) signal (AH 4))
is 473 J g ', which is slightly higher than the values
measured by the conventional DSC (460 and 405 J g~
at 2.5 and 20 K minfl, respectively) [1].

The heat capacity signal, which is given by the
modulus of the complex heat capacity, |C, |, shows the
thermal events related to the relaxation processes of
the reacting system. The dynamic glass transition of
the unreacted system, Tgoﬁ\c;\, is shown at a tempera-
ture of about —40 °C, which is slightly higher than the
T40,(¢) and is practically independent of the underlying
heating rate according to the theoretical predictions
[13,14]. After this glass transition, the |C;| increases
in a quasi-linear manner with temperature, as
expected, and a slight increase is observed in the
region corresponding to the exothermic peak in the

(¢) signal. Increasing the temperature, at about 90 °C,
there is a decrease in the |C;| signal, followed by an
increase to about 110 °C. These variations of |C,|
correspond to the vitrification and subsequent devi-
trification of the epoxy, respectively. In this epoxy
resin, the vitrification process is sharper than the
devitrification process, the midpoint vitrification tem-
perature being 97 °C. Vitrification of the resin corre-
sponds to the transition of the liquid state to the glassy
state with a change in the degree of conversion from
0.84 to 0.90. As the temperature increases, in a wide
temperature range, from 110 to about 131 °C, the
system shows devitrification. A midpoint devitrifica-
tion temperature of about 121 °C may be estimated.
During the devitrification process, the resin changes
from the glassy state to the liquid state and the degree
of conversion increases to 0.95. In order to achieve full
conversion, the epoxy must be heated to a temperature
up to 250 °C.

These relaxation processes may also be recognised
in the phase angle signal. At low temperatures, a sharp
peak of relaxation shows the relaxation associated
with the glass transition of the unreacted system
(Tg0,5), whose value is shown in Table 1. A slight
change in 9 is observed coinciding with the maximum
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Table 1

Glass transition temperature and variation of |C;| of the DGEBA-3DCM system®

qo (Kmin™") Too.(9) (CC) Tyo,icy) (°C) Tp0.5 (°C) AlC, \I(Tgo)l T ey CO) AlC; L(ng?)
Jg K Jg K7

1 —41.8 —40 -39 0.65 133.5° -

0.5 —43.7 —40 -39 0.70 100.8° -

0.4 —43.2 —40 —38.5 0.66 156.0 0.21

0.25 —41.6 —38 —37.1 0.69 159.2 0.23

0.1¢ - —40.4 —38.9 0.68 158.6 0.33

Average values —42.5 £ 0.8 —39.6 £ 0.9 —38.5 £ 0.8 0.68 £ 0.02 1579 £ 1.7 0.26 £ 0.06

* Glass transition temperatures of the unreacted system ((Tgo,(¢), Tgo,\c;;\ and Tgs) and final 7, (Tg,s) from the second ADSC scan
performed at the same underlying heating rate, and variation of \C;\ at Ty and Ty
® Final T, of samples submitted at temperatures higher than the onset temperature of thermal degradation. These values are not considered

in the averaged value.

© The values at 0.1 K min~' are an average of the two experiments.

of the exothermic reaction. Vitrification and devitri-
fication are characterised by a broad peak, which
includes both relaxation processes. At higher tempera-
tures, a drift to increasing absolute values of o is
observed.

3.2. Heat of curing and degree of conversion

The total heat flow signals obtained during the
curing at underlying heating rates of between 1 and
0.1 K min~" are shown in Fig. 2. At 1 Kmin™', the
(¢) signal shows a main peak, as a result of the curing
reaction. However, an additional quantity of heat is
evolved between the end of the main peak, at 130-
150 °C, and the final temperature of about 240 °C. At
temperatures above 270 °C, a deviation from the base
line is observed as a consequence of the thermal
degradation of the sample.

The temperature of the main peak (7},) decreases as
the heating rate decreases. The ADSC values and
those previously found by conventional DSC [1]
may be fitted into a Kissinger plot (In(¢7}; 2) against
I, 1) as shown in Fig. 3, the slope of which gives an
apparent activation energy (E,) of 58.7 kJ mol . The
slope of the fit with the ADSC values alone gives an
E, = 60.2kJmol ', which value agrees very well
with the E, of 58.7 kJ mol ' calculated by conven-
tional DSC [1].

As is usual, the measurement of the heat of curing is
performed by the integration of the area under the heat
flow signal, selecting a baseline, which in this study
consisted of a straight line between the estimated

temperatures at the beginning and the end of curing.
The interval of temperatures was selected depending
on the heating rate. This measurement gives an appar-
ent heat of curing. Furthermore, the non-isothermal
curing at a heating rate gy < 0.5 K min~" shows the
relaxation processes of vitrification and devitrification,
which affect the heat capacity signal, as shown in Fig. 1
for go=0.4Kmin~'. As mentioned elsewhere
[1,5,6,15], the heat flow measures the heat of reaction
and the sensible heat due to the temperature depen-
dence of the heat capacity. In order to measure the heat
of reaction, free from the sensible heat, we use the so-
called non-reversing heat flow, ¢ngr. According to the
approach introduced by Reading [4], ¢nr is defined as
the difference between the total heat flow, (¢), and the
reversing heat flow, ¢g, which is given by the product
|C; |qo, multiplied by —1 if the heat flow is recorded
with the endothermic direction downwards, as in the
present study. For g, of 1 and 0.5 K min~" the values of
AH\y are practically the same as those of AH 4, but
forlower g9, AHxg becomes smaller than AH 4, due to
a more significant effect of the vitrification and the
devitrification, which modifies the reversing heat flow
signal. The variation of the degree of conversion (o)
with the temperature for different heating rates was
obtained by the non-reversing heat flow signal, using
the values of AHngr. The dependence of the heat of
curing values (whether AH 4 or AHyg) on the baseline
and its limits, add some uncertainty to the calculations
of the degree of conversion. Notwithstanding this
experimental limitation, the values of the degree of
conversion against the temperature are shown in Fig. 4.
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Modulation conditions: an amplitude of 0.2 K and a period of 60 s. The scale of the specific heat flow is relative and the curves are shifted

vertically for clarity.

A similar shape of the heat flow at gy > 0.25 K
min~"' has also been observed in other epoxy resins
studied by TMDSC (see Fig. 6 in [6], or Fig. 1 in [9]).
The presence of this broad peak is attributed to the
diffusion controlled regime, which may be detected in
the |C,| signal. However, in the heat flow signal at
0.1 Kmin~' a small second peak is observed. The
reproducibility of this peak has been verified by curing

fresh samples at the same experimental conditions,
which results of the non-reversing heat flow and |C, |
signal are shown in Fig. 5. As a consequence of this
peak, the curve o—T at 0.1 K min~' shows two steps
(Fig. 4). The presence of this peak may be a conse-
quence of the structure of the diamine and the chemical
reactions of the system. The chemical structure of the
3DCM shows the methyl group in a neighbouring

-11 4

In(gT ;%K 'min™")
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'15 T T T T T T

27

1000 T, /K

Fig. 3. Kissinger plot of the ADSC values (open squares) and DSC values (filled squares). The line is the linear fit to both sets of values.
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Fig. 4. Variation of the degree of curing on the temperature at underlying heating rates of between 0.1 and 1 K min~"'. The calculation of o

was performed by the non-reversing heat flow signal.

position to the amine group [11,16], and this structure
yields a steric hindrance that inhibits the reactivity
of the amine groups. Nevertheless, at temperatures
higher than 150 °C, where the system is not in the
glassy state, a residual heat of curing originated by the
unreacted amine groups may occur, increasing again
the extent of reaction.

The effect of the steric hindrance is also shown in
the measurement of the glass transition temperature 7
of the resin after a postcure reaction. The post cure of a
sample isothermally cured at 160 °C for 10 min gives
a T, of 111 °C, with practically no residual heat of
curing, when it is measured at 10 K min~' by DSC.
Nevertheless, when the temperature is increased to
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Fig. 5. Non-reversing heat flow and modulus of the complex heat capacity of samples A (solid line) and B (dashed line) of the non-isothermal
cure of the DGEBA-3DCM system at an underlying heating rate of 0.1 K min~', an amplitude of 0.2 K and a period of 60 s. The scale of the
specific heat flow is relative and the curves are shifted vertically for clarity.
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260 °C at 10 K min~!, the T, rises to 143 °C in a final
scan at the same heating rate.

3.3. Vitrification and devitrification

As mentioned above, the DGEBA-3DCM system
shows vitrification and devitrification transitions dur-
ing the curing within a wide interval of temperature.
At temperatures close to —40 °C, the system shows the
transition from the glassy to the liquid state of the
unreacted system. The glass transition temperature of
the unreacted system was measured by the (¢) and
|C;| signals. As mentioned above, the dynamic glass
transition measured by [C;| is slightly higher than
the thermal glass transition measured by (¢). The
average value of Tgo,\c;\ is —39.3 °C, while the average
value of Ty (4) is —42.5 °C. Both values of Ty and
the variation of |C,| at Ty are shown in Table 1. The
variation of |C;| at T is defined as

AIG,|(T,) = |Gl = 1 ¢y

where |C; | and [C;, | are the extrapolated modulus of
the complex heat capacity of the sample in the glassy
and liquid state, respectively.

The analysis of the |C;| signal shows other transi-
tions which correspond to the vitrification and further
devitrification of the system. The T, of the system
increases during the non-isothermal curing and equals
the curing temperature 7. In this situation, the system
vitrifies and the kinetics of curing becomes diffusion
controlled. As a consequence of this kinetic change,
the reaction rate slow down and the degree of con-

version levels off. This process of vitrification is
observed by the decay of the |C;| signal for a fixed
frequency of modulation. The 7, of the system is
higher than 7. during an interval of time, which
depends on the heating rate. As faster is the heating
rate the shorter is the interval of time that the system
remains in the glassy state. As T increases, the T,
becomes lower than 7. and the system reaches the
rubbery state. This process of devitrification is
observed by an increase of the |C,| signal. In the
present DGEBA-3DCM system, these transitions
were shown for underlying heating rates equal to or
lower than 0.5 K min~'. Since no experiments were
performed between 1 and 0.5 Kminfl, one cannot
exclude that, at heating rates slightly higher than
0.5 K min "', these transitions may also appear. The
intensity of these transitions, measured by the varia-
tion of |C,|, namely A|C;|(Ty) and A|C, |(T4y), which
are shown in Table 2, are lower than the corresponding
A[C;|(Ty) of the unreacted system.

Fig. 6 shows the variation of |C;| with the tempera-
ture for the different heating rates. It is observed that
the vitrification transition is sharper than the devitri-
fication transition, and correspondingly, the interval of
temperatures of the vitrification is shorter than for
the devitrification. As the heating rate decreases, the
vitrification takes place at lower temperatures, and the
degree of conversion also tends to be smaller. On
the other hand, the temperature of the beginning of the
devitrification changes smoothly. It is noted that the
devitrification temperature does not correspond to the
final T, obtained in a second scan (T»,), performed

Table 2

Temperatures of vitrification (7,) and devitrification (7g,) measured on \C;| signal, and variation of |C;| at the transition for different heating

rates™®

qo (K minil) Tv‘o (QC) Tv,m (OC) Tv,e (CC) A|C;|(Tv) Tdv,n (JC) Tdv,m (OC) Tdv,e (OC) A‘C;‘(Tdv)
dg 'K dg 'K

0.5 96.7 103.4 108.0 0.08 113.2 120.8 130.7 0.10

0.4 93.0 97.3 102.1 0.12 110.1 121.5 131.3 0.13

0.25 71.5 83.2 88.5 0.30 111.0 122.3 134.0 0.23

0.1°¢ 60.1 64.6 69.3 0.45 107.1 122.5 138.0 0.39

0.1° 60.0 64.5 68.9 0.45 102.5 120.0 133.8 0.42

# The modulation conditions were: amplitude of 0.2 K and period of 60 s.
" The suffixes 0, m and e in the vitrification or devitrification temperature indicate the measurement on the onset, midpoint and endpoint

temperatures.

€ These values correspond to two different samples (named A and B in Fig. 5) measured at the same heating rate and modulation

conditions.
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Fig. 6. Variation of the modulus of the complex heat capacity during the curing of the DGEBA-3DCM system at underlying heating rates of
between 0.1 and 1 K min~". The |CI’;| measured in the second scan at 0.4 K min~" is shown by the dashed line. Modulation conditions: an
amplitude of 0.2 K and a period of 60 s. The scale of \C;\ is relative and the curves are shifted vertically for clarity.

immediately after the first scan at the same g, and
under the same modulation conditions. The values of
the final 7, measured on |C; |, namely Ty |c:|, shown
in Table 1, are about 25 °C higher than the endset
devitrification temperature T4, shown in Table 2.
This difference is due to the aforementioned residual
reaction that may take place after the devitrification up
to the final temperature of the first scan, which is
between 220 and 250 °C at heating rates of between
0.1 and 0.4 K min~", respectively.

At the same time, the effects of the vitrification and
devitrification phenomena may be detected also in the
phase angle signal. Fig. 7 shows the variation of the
uncorrected phase angle with the temperature for
the different heating rates. At the beginning of the scan,
the relaxation associated with the glass transition of the
unreacted system is clearly detected. The average peak
temperature is —38.5 = 0.8 °C, as shown by Ty in
Table 1. At increasing temperatures, for gy of 0.5 and
0.4 K min~!, vitrification and devitrification are shown
as a broad peak. At the lowest heating rates of 0.25
and 0.1 K min~"', a peak corresponding to the vitrifica-
tion can be clearly observed close to a broader peak at
higher temperatures, which is a consequence of the
devitrification. Nevertheless, the measurement of this

relaxation by the phase angle depends on the correcti-
ons that are mainly due to the change in the heat capa-
city and to the thermal conductance between the system
sample-pan and the measuring thermocouples [15].

3.4. The glass transition temperature of the highly
crosslinked resin

The final glass transition temperature of the resin
was measured in a second scan immediately per-
formed after the non-isothermal curing at the same
heating rate and modulation conditions. The |C,| and
phase angle signals obtained in this second scan at
qgo=04K min~—!, are shown in the bottom of Figs. 6
and 7, respectively. The modulation conditions were
the same as in the first scan: an amplitude of 0.2 K and
a period of 60 s. The |C,| signal shows the final glass
transition of the resin at a temperature interval of
between 151 and 166 °C and the phase angle shows
the relaxation associated with this transition as a broad
peak between 130 and 170 °C.

The values of Ty, ;| measured on the |C;| signal at
g0 < 04K min~ ', shown in Table 1, are between 156
and 159 °C with an average value of 158.1 °C. This
value of T, agrees very well with the average value of
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Tyc;) = 156.1 £ 0.9 °C, obtained at o = 1 K min”",
an amplitude of 0.5 K and a period of 60 s, in samples
previously cured isothermally between 40 and 140 °C
for different curing times, and subsequently postcured
up to 270 °C under the aforementioned conditions [1].
The difference between the final T, and the end
temperature of the devitrification process confirms
the difficulty to reach the completion of the reaction.
At high degrees of crosslinking, the unreacted groups
remain in spatially separated positions and, because of
the high connectivity of the network, they are unable
to meet and react. There is a topological restriction
that prevents the obtention of the fully cured epoxy
[17-20].

The final 7, of the samples cured at 1 and
05K min_l, shown in brackets in Table 1, are much
lower than the other values, due to the samples being
subjected to temperatures above the onset of the
thermal degradation. In fact, the end temperature of
the non-isothermal curing was 300 °C in both cases,
and the onset of thermal degradation was 270 and
255 °C, respectively (Table 3). Under these conditi-
ons, the samples were submitted to the thermal degra-
dation process for 30 and 90 min, in which they were
heated at 1 and 0.5 K min~', respectively.

3.5. The continuous heating transformation
cure diagram

The temperatures and times of the vitrification and
devitrification transitions have been plotted in a CHT
cure diagram as shown in Fig. 8. These points give the
vitrification and devitrification lines (dashed lines)
that meet on a heating rate line slightly higher than
0.5 K min ', probably about 0.6 K min~'. Both lines
delimit a region in which the reacting system remains
in the glassy state. The points corresponding to the

Table 3

Thermogravimetric results on thermal degradation of the DGEBA—
3DCM system at low heating rates: onset (7g,), onset extrapolated
(T4o,e) and inflexion (7 ns) temperatures of thermal degradation

go (K min™") Ty (°C) Tao,e (°C) Tqing (°C)
1 270 3174 3332

0.5 255 305.9 321.3

0.4 251° 296.8° 318.7°
0.25 250 290.9 312.6

0.1 220 264.4 293.8

# Temperatures estimated from the results obtained between 0.1
and 20 K min~'. The results obtained at heating rates between 2.5
and 20 K min~! were shown in Table 1 of [1].
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serve as a guide for the eye. The glass transitions of the unreacted system Tgo.\c;,\ (#) and the maximum glass transition Tg25.\c;,\ (@) are also
indicated. The continuous lines show the dependence of 7, on the time for the indicated heating rates.

glass transition of the unreacted system and the final
glass transition, both measured on |CI’;| signal, are also
shown in this CHT diagram. It must be noted that the
CHT diagram in Fig. 8 only shows experimental
values and the vitrification line has not been completed
at slower heating rates in order to show the typical
sigmoidal shape presented in other works [2,3,7].
Furthermore, the diagram shows the interval of each
transition, whereby the vitrification is shown by
the midpoint (filled squares) but also by the onset
(4) and endset (x) points. The midpoint devitrifica-
tion is shown by filled triangles and the onset and
endset are also shown by the same symbols as in the
vitrification.

In other epoxy resins, the devitrification tempera-
ture is practically the same as the final glass transition
temperature of the resin [2,3,7]; however, this is not
the case with our epoxy. As was discussed in a
previous section, our DGEBA-3DCM system displays
a particular behaviour of crosslinking at high degrees,
due to the steric hindrance of the methyl group, which
inhibits the reaction of the hydrogens of the amine
groups. In addition to this steric effect, we must add
the difficulty of obtaining full conversion during the

final stages of the reaction due to topological con-
straints [17-20]. Both effects prevent the maximum
glass transition (named 7., by Gillham and co-work-
ers [2,3,17]) from being achieved. A similar situation
was shown in the time-temperature-transformation
cure diagram of this system, shown elsewhere [1].
It is usual to complete the CHT cure diagrams with
the Tyt lines [2,3,7]. In order to draw these lines, a
relation between the degree of conversion and the
glass transition temperature of the system is required.
This relation may be derived from experimental
results obtained by the residual heat curing method.
The values of the degree of conversion and the 7,
measured at curing temperatures of 60, 90, 130 and
160 °C are shown in Fig. 9. A relationship between
these two properties may be found by making use of
the so-called DiBenedetto equation, which was
reported by Nielsen [21], and subsequently modified
by Pascault and Williams [22]:
Tg — TgO Ao

11— A @

Tgoo — Lg0

where Ty is the glass transition temperature of the
unreacted system, T, the maximum glass transition,
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Fig. 9. Relation between the T, and the degree of conversion for the DGEBA-3DCM system. The lines are fitted to the DiBenedetto equation
for values of Tyy = —40 °C (M) and Ty = 154.3 °C (A) and the parameter 4 between 0.2 and 0.5. The symbols correspond to the samples

cured at the indicated temperatures for different interval of times.

attained when oo = 1, and / is an adjustable parameter
between O and 1. Curves of To—u for values of A
between 0.2 and 0.5 calculated with Ty,o = —40 °C
and Ty, = 154.3 °C, which is the average value of the
maximum 7, measured on (¢) at 1 Kmin~', an
amplitude of 0.5 K and a period of 60 s, are shown
in Fig. 9. A good fit was observed for values of o up to
0.6-0.7 when 4 is taken as 0.4. According to Pascault
and Williams [22], the parameter 4 may be identified
with the ratio of the heat capacities AC,../AC,,
resulting in our DGEBA-3DCM system a value of
0.38. Therefore, a good fit for A = 0.4 is not surpris-
ing, since this is practically the value calculated from
the heat capacities. Nevertheless, at o > 0.7 a devia-
tion from the fit is observed. This deviation is attrib-
uted to the under-estimation of the residual heat of
curing, which gives higher values of o.

The values of the degree of conversion, shown in
Fig. 4, may be converted to the T, which corresponds
to this conversion, by using the relationship o—7, from
Eq. (2). The results obtained for the heating rates of
between 0.25 and 1 K min ™' are shown in Fig. 8. At a
heating rate of 1 K minfl, the Tt line (continuous
line) always lies under the 7—¢ line (dotted line), and
no vitrification is detected. However, at lower heating
rates, the T, line crosses the 7— line at a point close
to the vitrification point, where T, = T, and subse-
quently crosses the 7 line again at the devitrification

point. Taking into account the particularities found in
the determination of the T, in the highly crosslinked
resin and the determination of the degree of conver-
sion of the DGEBA-3DCM system, the agreement
between the previously determined points of vitrifica-
tion and devitrification and the crossing points is
acceptable. The Tt line at 0.1 K min~" is not shown
in Fig. 8 due to the double step of the curve o—7, which
do not allow the use of the single T,—o relation of

Eq. (2).

4. Conclusions

The non-isothermal cure of an epoxy resin based on
DGEBA with a diamine based on 3DCM was analysed
by TMDSC at underlying heating rates of between 0.1
and 1 K minfl, and modulation conditions of 0.2 K
amplitude, and a period of 60 s. The heats of curing
measured by the total heat flow at these low heating
rates are slightly higher than those determined by
conventional DSC.

The use of heating rates lower than 0.5 K min~
allows the observation of the vitrification and devi-
trification processes in the complex heat capacity
signal. The temperature of the vitrification tends to
decrease when ¢ decreases, whereas the temperature
of devitrification practically has no variations. Both

1
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temperatures of vitrification and devitrification were
used to delimit a glassy zone in the CHT cure diagram.
In this DGEBA-3DCM system, different values
between the end temperature of devitrification and
the final T, of the resin were observed. This effect is
due in part to the steric hindrance between the amine
and the methyl groups of the hardener, which inhibits
the reaction of the secondary amine, and also to
the topological constraints that add more difficulties
to the reaction of these groups at high degrees of
crosslinking.

The total heat flow shows a main peak followed by a
very broad peak of low intensity, which is a conse-
quence of the diffusion controlled step detected in the
|C,| signal. However, at 10 K min~" an additional
peak of very low intensity appears between 150 and
200 °C, which may be due to a residual curing of the
epoxy with the amine groups.

The CHT diagram may be completed by the Tyt
lines, which give the evolution of the T, of the system
with the time for different heating rates. The calcula-
tion of these lines is performed from the relation
between T, and the degree of conversion. Neverthe-
less, the calculation of the degree of conversion is
subjected to some uncertainty due to its dependence
on both the baseline type and the limits selected in the
integration of the heat of curing. Furthermore, in the
DGEBA-3DCM system, the aforementioned effect of
steric hindrance introduces deviations in the relation-
ship between T, and « by a DiBenedetto type equation.
Both effects give some deviations in the coincidence
of the T,—t and 7— lines in the corresponding vitri-
fication and devitrification points.
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